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ABSTRACT 
The o b j e c t i v e  of t h i s  program was t o  eva lua t e  s e l e c t e d  
low-cost a b l a t i v e  m a t e r i a l s  a t  a s c a l e  and under condi t ions  
r e l e v a n t  t o  l a r g e  so l id- rocket  motor nozzle  design.  I n  addi- 
t i o n ,  a c q u i s i t i o n  of processing and performance d a t a  on a 
t rowelable  chamber i n s u l a t i o n  system was requi red .  
Two 13-in.-dia (33 cm) nozz les  were t e s t e d  i n  t h e  f i r i n g  
of Algol-sized motors.  The f i r s t  f i r i n g  r e s u l t e d  i n  a chamber 
burnthrough e a r l y  i n  t he  t e s t  because of an undetected f law i n  
t h e  bond j o i n t  between t h e  i g n i t e r  cav i ty  r e s t r i c t i o n  and the  
forward boot .  Val id performance d a t a  on t h e  low-cost a b l a t i v e  
nozzle  m a t e r i a l s  were obtained from the  second t e s t .  These 
d a t a  were used i n  t h e  des ign  of a f u l l - s c a l e  nozz le ,  s u i t a b l e  
f o r  use  on a 260-FL motor. 
Thermal and s t r e s s  ana lyses  were conducted on the  f u l l -  
s c a l e  nozz le  design,  which incorpora tes  a f l e x i b l e  s e a l  f o r  
TVC purposes and a 9 : l  contoured e x i t  cone. Fab r i ca t ion  spec- 
i f i c a t i o n s  and a d e t a i l e d  c o s t  e s t ima te  were a l s o  prepared f o r  
t h i s  design.  Extensive use of canvas-duck phenol ic  and t h e  
l e s s  expensive carbon tapes  r e s u l t s  i n  an a b l a t i v e  m a t e r i a l  
c o s t  savings of about 35% compared wi th  a s i m i l a r  design 
u t i l i z i n g  convent ional  carbon and s i l i c a  phenol ic  composites. 
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x i i  
I, SUMMARY 
The Low-Cost Ablative-Nozzle Development Program, conducted under C o n t r a c t  
NAS3-12038, was i n i t i a t e d  f o r  t h e  purpose  of a c q u i r i n g  performance d a t a  on 2ro~is:ng 
low-cost m a t e r i a l s  under c o n d i t i o n s  a p p l i c a b l e  t o  l a r g e  s o l i d  r o c k e t  motors, To 
accomplish  t h i s  o b j e c t i v e ,  two i n t e r m e d i a t e  s i z e  (Algol)  motors ,  c o n t a i n i n g  approxi- 
mate ly  20,500 l b  (9300 Kg) of a PBAN t y p e  p r o p e l l a n t ,  were  p rocessed  and test-fired, 
Each motor c o n t a i n e d  an  IBT-100/106 i n s u l a t i o n  sys tem t roweled o n t o  the i n t e r n a l  
chamber s u r f  a c e s .  
S e l e c t i o n  of t h e  a b l a t i v e  materials t o  b e  i n c o r p o r a t e d  i n t o  each of the twc 
t e s t  n o z z l e s  was made f rom a l i s t i n g  of s e v e r a l  c a n d i d a t e  materials i n c l u d e d  i n  t h e  
c o n t r a c t  work s t a t e m e n t .  U t i l i z a t i o n  of c o n v e n t i o n a l  tape-wrapping and  axtociave 
c u r e  f a b r i c a t i o n  p rocedures  were  program requ i rements .  
The program e f f o r t  was o rgan ized  i n  t h r e e  t a s k s ,  as d i s c u s s e d  below: 
A. TASK I - NOZZLE mD TEST MOTOR DESIGN, ANALYSIS, AND FABRLCL4TZOX 
The f i r s t  n o z z l e  had a s i l i c a  (SP-8030-96) and c a r b o n - s i l i c a  (MXSC-135) 
e n t r a n c e  i n s e r t ,  a c a r b o n - s i l i c a  t h r o a t ,  and a n  e x i t  cone hav ing  a  forward fiase 
l i n e r  of carbon s i l i c a  and a n  a f t  a b l a t o r  of canvas-duck p h e n o l i c  ( 4E:XD02) ,  Asbestos  
p h e n o l i c  (MXA-6012) was used i n  t h e  overwrap on each a b l a t i v e  i n s e r t .  
The second t e s t  n o z z l e  was a n  "a l l -whi te"  d e s i g n ,  hav ing  a s i l i c a -  
p h e n o l i c  (MX-2600-96) t h r o a t ,  e n t r a n c e ,  and forward e x i t  cone l i n e r  and a canvvss- 
duck p h e n o l i c  (4KSD02) a f t  e x i t  cone l i n e r .  Canvas-duck was a l s o  used f o r  t h e  
p a r a l l e l - t o - s u r f a c e  overwrap on a l l  components. A f t e r  t h e  f i r s t  motor test, the 
completed t h r o a t  and e n t r a n c e  s e c t i o n s  of t h e  second n o z z l e  were  removed '~nd re- 
p laced  w i t h  i n s e r t s  hav ing  t h e  same materials as t h e  f i r s t  n o z z l e ,  except t h a t  
MX-2600-96 s i l i c a  was used i n  t h e  e n t r a n c e  s e c t i o n  i n s t e a d  of SP-8030-96 and eke 
overwrap was of canvas-duck p h e n o l i c  r a t h e r  t h a n  a s b e s t o s  p h e n o l i c .  
Comprehensive the rmal  and stress a n a l y s e s  were  performed on each nozzle 
d e s i g n ,  u s i n g  e s t a b l i s h e d  computer r o u t i n e s ,  t o  de te rmine  t h e  adequacy of t n e  
s e l e c t e d  c o n f i g u r a t i o n  and m a t e r i a l s  under t h e  t e s t  f i r i n g  c o n d i t i o n s ,  
:,A, Task I - Nozzle and T e s t  Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  (con t )  
Although some minor problems were  encountered d u r i n g  t h e  wrapping of 
t n e  c a r b o n - s i l i c a  t h r o a t  s e c t i o n  f o r  t h e  f i r s t  n o z z l e ,  t h e  p r o c e s s i n g  q u a l i t i e s  
of the low-cost  m a t e r i a l s  were  g e n e r a l l y  s a t i s f a c t o r y .  In f a c t ,  t h e  heavyweight 
silica and t h e  canvas-duck m a t e r i a l s  had e x c e l l e n t  f a b r i c a t i o n  c h a r a c t e r i s t i c s .  
The asbestos overwrap of t h e  e x i t  cone f o r  t h e  f i r s t  n o z z l e  delaminated d u r i n g  t h e  
higla t empera tu re  c u r e  of t h e  g l a s s  s t r u c t u r a l  wrap.  It  was subsequen t ly  removed 
ana r e p l a c e d  w i t h  an  ambient c u r i n g  epoxy-glass hand lay-up.  
A p p l i c a t i o n  of t h e  t r o w e l a b l e  i n s u l a t i o n  system was accomplished u s i n g  
t h e  technique d e s c r i b e d  i n  Report  NASA C~-72584!". U l t r a s o n i c  and r a d i o g r a p h i c  
inspection of t h e  i n s u l a t e d  c a s e s  r e v e a l e d  numerous s m a l l  v o i d s  t h a t  were  r e p a i r e d  
p r i o r  t o  p r o p e l l a n t  l o a d i n g .  
Each i n s u l a t e d  Algo l  chamber was loaded w i t h  ANB-3347 p r o p e l l a n t  u s i n g  
s t a n d a r d  p r o d u c t i o n  Algo l  t o o l i n g  and p rocedures .  ANB-3347 p r o p e l l a n t  h a s  a  com- 
b u s t i o n  t empera tu re  and e x h a u s t  gas  composi t ion s i m i l a r  t o  t h o s e  of t h e  ANB-3301 
and -3354 p r o p e l l a n t s  used i n  t h e  260-in.-dia (6 .6  m) s h o r t  l e n g t h  (260-SL) motors .  
The t e s t  motors were  des igned  t o  o p e r a t e  a t  an  average  p r e s s u r e  of about  500 p s i a  
L (345 N/cm ) over  a  web d u r a t i o n  of 40 s e c .  
Radiographic  i n s p e c t i o n  of each loaded motor was accomplished and no 
G i s c r s p a n c i e s  were  d e t e c t e d .  
Subsequent t o  t h e  f i r s t  motor f a i l u r e  ( s e e  S e c t i o n  I.B, be low) ,  t h e  
secon' motor was reworked t o  e n s u r e  a  f u l l - d u r a t i o n  f i r i n g .  N o d i f i c a t i o n s  i n c l u d e d  
p o t t i r r g  beh ind  each b o o t  and e n l a r g i n g  of t h e  forward-grain  i g n i t e r  c a v i t y .  
An e v a l u a t i o n  and c h a r a c t e r i z a t i o n  s t u d y  was conducted by t h e  B a t t e l l e  
Xomoria i  I n s t i t u t e  t o  f u r t h e r  d e f i n e  t h e  the rmal  and mechanical  p r o p e r t i e s  of t h e  
Low-cast a b l a t i v e  m a t e r i a l s .  Thermal c o n d u c t i v i t y ,  s p e c i f i c  h e a t ,  and thermal  
expansion measurements were  o b t a i n e d  of t h e  c a r b o n - s i l i c a  and canvas-duck m a t e r i a l s  
i n  50th t h e  v i r g i n  and c h a r r e d  c o n d i t i o n .  T e n s i l e ,  compress ive ,  and s h e a r  s t r e n g t h  
d a t a  uere a l s o  o b t a i n e d  f o r  t h e s e  m a t e r i a l s  and f o r  t h e  heavyweight s i l i c a  p h e n o l i c  
-,- I n e  very  f r a g i l e  n a t u r e  of t h e  charxed carbon s i l i c a  p rec luded  a c q u i s i t i o n  of v a l i d  
t e n s i l e  and s h e a r  d a t a  on t h i s  m a t e r i a l .  A l l  o t h e r  r e s u l t s  were  s a t L s f a c t o r y  and 
co1xpara54e t o  d a t a  from o t h e r  i n v e s t i g a t o r s .  
I .  Summary (cont)  
B .  TASK 11 - NOZZLE AND TROWELABLE INSULATION SYSTEM EVALUATION 
The f i r s t  motor f i r i n g  r e s u l t e d  i n  a  chamber burnthrough a t  5,635 sec 
a f t e r  f i r e s w i t c h .  This  malfunct ion was caused by abnormal p rope l l an t  i g n i t i o r :  i n  
t he  forward-boot/igniter-sleeve a rea .  A l o c a l i z e d  p re s su re  d i f f e r e n t i a l  was c re -  
a t e d  ac ros s  t h e  forward p r o p e l l a n t  web, which, i n  t u rn ,  i n i t i a t e d  a  massive f a i l u r e  
of t h e  i n s u l a t i o n  o r  primer bond t o  t he  case  wa l l .  No nozz le  performance d a t a  were 
obtained . 
Valid performance d a t a  on t h e  low-cost nozz le  a b l a t i v e s  were obtained 
from t h e  second nozzle-evaluat ion motor f i r i n g .  Motor ope ra t ion  was normal f o r  
26.8 s e c  a t  which time a  burnthrough occurred i n  t h e  nozzle  en t rance  sectron, 
Poor phys i ca l  p r o p e r t i e s  of t he  carbon-s i l ica  cha r ,  combined wi th  t h e  severe 
exhaust  impingement and flow p a t t e r n  i n  l i n e  wi th  t h e  g r a i n  v a l l e y s ,  caused :be 
burnthrough. Performance of both t h e  s i l i ca -pheno l i c  and canvas-duck pheLolic  
a b l a t i v e  l i n e r s  i n  t he  e x i t  cone was b e t t e r  than expected. The t rowelable  insu- 
l a t i o n  system s a t i s f a c t o r i l y  p ro t ec t ed  t h e  case  during the  motor a c t i o n  time, 
demonstrat ing t h e  p o t e n t i a l  of t h i s  type i n s u l a t o r  f o r  l a r g e  motor application, 
Hot s p o t s  were formed on t h e  case  during t h e  l a t t e r  p o r t i o n  of the  t a i l - o f f  period 
and dur ing  t h e  extended h e a t  soak i n  a r eas  where undetected t h i n  spo t s  and voids 
e x i s t e d  i n  t h e  i n s u l a t i o n .  
C .  TASK 111 - FULL SCALE NOZZLE DESIGN, ANALYSIS, AND FABRICATLOK PLANNL:\G 
A nozz le  was designed t h a t  incorpora ted  low-cost a b l a t i v e  materLalc 
s u i t a b l e  f o r  u se  on a  260-in.-dia (6.6 m) f u l l  l eng th  (260-FL) motor,  Aeat-- 
t rans£  e r  and s t r e s s  ana lyses  were conducted t h a t  v e r i f i e d  t h e  adequacy of the 
des ign  f o r  t h e  expected motor opera t ing  condi t ions .  Fab r i ca t ion  plans and prc- 
cedures were prepared f o r  t h e  manufacture of 30 nozzles  over a  5-year period. 
Conventional t ape  wrapping and cure  processes  were s p e c i f i e d ,  except  in t h e  a E t  
e x i t  cone where a  t ens ion  overwrap technique r ep laces  t he  au toc lave  method f o r  
achiev ing  the  des i r ed  f i n a l  composite dens i ty .  Tooling and f a c i l i t y  requLrene~ts 
were i d e n t i f i e d  and c o s t s  were ca l cu la t ed .  
A d e t a i l e d  c o s t  e s t ima te  f o r  product ion of t he  nozzle  w a s  a c c o ~ p l i s h e d ,  
and on t h e  b a s i s  of t h e  30-nozzle f a b r i c a t i o n  schedule ,  a  u n i t  c o s t  of $899,334 w a s  
1 , C .  Task. I11 - F u l l  S c a l e  Nozzle Design,  A n a l y s i s ,  and F a b r i c a t i o n  P l a n n i n g  ( c o n t )  
ceveloped.  The a b l a t i v e  m a t e r i a l s  r e p r e s e n t  abou t  25% of t h i s  c o s t .  The ex ten-  
s i v e  u s e  of t h e  low-cost canvas-duck and lower -pr ice  carbon m a t e r i a l s  r e s u l t s  i n  
an a b l a t i v e  c o s t  r e d u c t i o n  of 35% i n  comparison w i t h  t h e  more c o n v e n t i o n a l  mate- 
rials used t o  d a t e  i n  n o z z l e s  of s i m i l a r  d e s i g n .  The o v e r a l l  n o z z l e  c o s t  s a v i n g s  
would b e  about  9 % -  
Trade s t u d i e s  were conducted which d e f i n e d  t h e  l o s s  i n  payload cap- 
a b i r i t y  o£ a 260/SIVB v e h i c l e  when high t h r o a t  e r o s i o n  rates ( t o  0 .025 i n . / s e c  
[Cl,Q63 cmisec])  of t h e  s o l i d  motor n o z z l e  were  encounte red .  The weigh t  and c o s t  
o f  the a d d i t i o n a l  p r o p e l l a n t  and motor i n e r t s  r e q u i r e d  t o  r e g a i n  t h e  miss ion  cap- 
z ~ i l i t y  o£ t h e  b a s e - l i n e  motor w i t h  a  n o z z l e  hav ing  a ca rbon  t h r o a t ,  which e r o d e s  
a t  0,306 i n , / s e c  (0 ,015 cm/sec) ,  were  determined and compared t o  t h e  cos t - sav ings  
schieved through u s e  of t h e  low-cost a b l a t i v e  m a t e r i a l s .  I t  was c o n c l u s i v e l y  
shown t h a t  t h e  most economical  approach r e t a i n s  carbon,  o r  a n  e q u i v a l e n t  performing 
material, Ln t h e  t h r o a t  a r e a  b u t  i n c o r p o r a t e s  t h e  lower c o s t  a b l a t i v e s  i n  o t h e r  
s e c c i o n s  of t h e  n o z z l e .  
This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  Low-Cost Ablative-Nozzle Development 
Program, The work was conducted by t h e  A e r o j e t  S o l i d  P r o p u l s i o n  Company (ASPC) f o r  
the Aat ionaP  Aeronau t ics  and Space A d m i n i s t r a t i o n ,  Lewis Research C e n t e r ,  under 
Contract NAS3-12038. The program w a s  i n i t i a t e d  i n  June  1969 t o  o b t a i n  performance 
cata on low-cost a b l a t i v e  materials which cou ld  b e  used on l a r g e  r o c k e t  motor 
nozzles i n  p l a c e  of t h e  more expens ive  c o n v e n t i o n a l  m a t e r i a l s  used p r e v i o u s l y .  
The a u a n 5 t i e s  of t h e s e  m a t e r i a l s  r e q u i r e d  a r e  such t h a t  t h e  c o s t  of t h e  a b l a t i v e  
compocents r e p r e s e n t s  a s i g n i f i c a n t  e lement  of t h e  motor u n i t  c o s t .  
Recent programs (2' '3' have i d e n t i f i e d  a b l a t i v e  m a t e r i a l s  and f a b r i c a t i o n  
techaiques t h a t  may reduce  t h e  c o s t s  of a b l a t i v e  components s i g n i f i c a n ~ l y  w i t h o u t  
introducing e x c e s s i v e  performance p e n a l t i e s .  Labora to ry  e v a l u a t i o n s  and s m a l l  
n a z z l e  tests have  been conducted t o  c h a r a c t e r i z e  t h e  most promising low-cost mate- 
ri51s, This program accomplished t h e  n e x t  l o g i c a l  s t e p  i n  m a t e r i a l s  developrnect by 
testLng zhl a o s t  p r o d s i n g  m a t e r i a l s  a t  f i r i n g  c o n d i t i o n s  and on a s c a l e  r e l e v a n t  
:D the 260-FL c l a s s  motors .  
11. I n t r o d u c t i o n  ( c o n t )  
The d a t a  o b t a i n e d  from t h e  s t a t i c  f i r i n g  of t h e  s u b s c a l e  t e s t  motors ana 
f rom t h e  cos t /pe r fo rmance  t r a d e  s t u d i e s  were  used i n  t h e  d e s i g n  of a low-zest 
n o z z l e  f o r  a 260-FL motor.  Design v e r i f i c a t i o n  a n a l y s e s ,  f a b r i c a t i o n  plans, avd 
a d e t a i l e d  c o s t  e s t i m a t e  f o r  t h i s  n o z z l e  were  completed.  The f u l l - s c a l e  rlcizzLe 
d e s i g n  d e s c r i b e d  i n  t h i s  r e p o r t  makes maximum u s e  of t h e  most promisrng low-cost 
a b l a t i v e  material (canvas-duck p h e n o l i c )  which was e v a l u a t e d  i n  t h e  s u b s c e l e  tests, 
A material c o s t  r e d u c t i o n  of abou t  9.0% may b e  ach ieved  o v e r  a  s i m i l a r  desngn  
which uses  carbon-phenolic and s i l i c a - p h e n o l i c  composi tes  e x c l u s i v e l y  i n  the 
a b l a t i v e  l i n e r s .  
Supplement Agreement No. 1, d a t e d  28 J u l y  1969,  t o  t h e  b a s i c  c o n t r a c t  p r o -  
v i d e d  f o r  a demons t ra t ion  of t h e  p r o c e s s i n g  f e a s i b i l i t y  and performance of E 
t r o w e l a b l e  i n t e r n a l  i n s u l a t i o n  sys tem i n  t h e  two n o z z l e  test motors ,  
111. TECHNICAL DISCUSSION 
A. PROGWOBJECTIVES 
The o v e r a l l  o b j e c t i v e  o f  t h i s  program was t h e  development of l o w - c o s ~  
a b l a t i v e  n o z z l e s  f o r  t h e  l a r g e ,  s o l i d - p r o p e l l a n t  r o c k e t  motors .  To accomplisli 
t h i s  o b j e c t i v e ,  t h e  f o l l o w i n g  b a s i c  program requ i rements  were e s t a b l i s h e d :  
1. E v a l u a t e  t h e  performance of t h e  most promising low-cost abla- 
t i v e  m a t e r i a l s  a t  a s c a l e  and under f i r i n g  c o n d i t i o n s  r e l e v a n t  t o  l a r g e  s o b i d  
motors .  
2 .  C h a r a c t e r i z e  t h e  the rmal  and p h y s i c a l  p r o p e r t i e s  of these 
m a t e r i a l s .  
3 .  Using t h e  d a t a  from t h e  above two t a s k s ,  d e s i g n  and a n a l y z e  
a  low-cost ,  f u l l - s c a l e  n o z z l e .  
4 .  P r e p a r e  manufac tu r ing  p l a n s ,  s p e c i f i c a t i o n s ,  and a c o s t  e s t i -  
m a t e  f o r  t h e  f u l l - s c a l e  n o z z l e .  
111 ,A, Program O b j e c t i v e s  (con t )  
A  secondary o b j e c t i v e  concerned e v a l u a t i o n  of t h e  p r o c e s s i n g  and 
performance c h a r a c t e r i s t i c s  of a t r o w e l a b l e  i n s u l a t i o n  sys tem i n  t h e  motor 
chsiinier . 
B, TASK I - NOZZLE AND TEST-MOTOR DESIGN, ANALYSIS, AND FmRICATION 
1. Motor Design and D e s c r i p t i o n  -
The n o z z l e  test  motor c o n s i s t e d  of an  Algo l  IL chamber, a  
t r o w e l a b l e  i n s u l a t i o n  sys tem,  a  p r o p e l l a n t  t y p e  i g n i t e r ,  a  ?BAN p r o p e l l a n t  g r a i n  
cast wrth a modif ied Algol  I1 c o r e ,  and t h e  n o z z l e  t o  b e  e v a l u a t e d .  The PBAN 
propellant i s  similar t o  t h e  ANB-3105 and -3254 p r o p e l l a n t s  used i n  t h e  260-SL 
motors t h a t  have been t e s t e d .  The two t e s t - n o z z l e  c o n f i g u r a t i o n s  a r e  d e s c r i b e d  
i n  S e c t i o n  6 I I , B . 2 .  The motor assembly i s  shown i n  F i g u r e  1; t h e  major components 
are d i s c u s s e d  i n  t h e  f o l l o w i n g  paragraphs .  
a .  Chamber 
The Algo l  I I B  motor chamber, PN 360344-9, i s  f a b r i c a t e d  of 
r o l l e d - a d - w e l d e d  AISI 4130 s t e e l ,  h e a t - t r e a t e d  t o  180,000 t o  200,000 p s i  (124000 
2  
t o  1360@0 N/cm ) u l t i m a t e  t e n s i l e  s t r e n g t h  i n  t h e  s i d e w a l l  s e c t i o n .  The chamber 
i s  3518,4 in, (8.08 m) l o n g ,  t h e  o u t s i d e  d iamete r  i s  40 i n .  ( l , 0 2  m),and t h e  nomi- 
nal &all t h i c k n e s s  i n  t h e  c y l i n d r i c a l  s e c t i o n  i s  0 .112 i n .  (0.284 cm). The 
igaieer is f a s t e n e d  t o  t h e  forward-dome i g n i t e r  b o s s  by a  snap r i n g ,  and t h e  
n o z z l e  i s  s e c u r e d  t o  t h e  a f t - c l o s u r e  n o z z l e  b o s s  by a  b o l t e d  j o i n t .  Both j o i n t s  
are sealed by O-rings.  I d e n t i c a l  forward- and a f t - s k i r t  r i n g s  a r e  provided f o r  
Lifttag and h a n d l i n g .  
The chamber was h y d r o s t a t i c a l l y  t e s t e d  t o  725 t o  750 p s i g  
L (500 t o  517 N/cm ) and h a s  a b u r s t  s t r e n g t h  c a p a b i l i t y  i n  e x c e s s  of 800 p s i g  
1 I I . B .  Task I - Nozzle and Test-Motor Design, Analysis ,  and Fabr i ca t ion  (cont)  
b .  Trowelable I n s u l a t i o n  System 
(1) In t roduc t ion  
Work completed under Contract  NAS3-11224, "Development 
of Cost-Optimized I n s u l a t i o n  System f o r  Use i n  Large So l id  Rocket Motors, ~ ( 1 )  led 
t o  t h e  s e l e c t i o n  of t rowelable  i n s u l a t i o n  as a cos t - e f f ec t ive  system f o r  260-in.- 
d i a  (6.6 m) motor a p p l i c a t i o n s .  A l o g i c a l  follow-on t o  t he  foregoing  program w a s  
t o  demonstrate t h e  i n s t a l l a t i o n  process  and performance of t h e  s e l e c t e d  t rowelable  
i n s u l a t i o n  system i n  an  in t e rmed ia t e  s i z e  motor. The oppor tuni ty  t o  accomplish 
t h i s  follow-on e f f o r t  p resented  i t s e l f  i n  process ing  of t h e  two Algol ab l a t ive -  
nozz le  t e s t  motors r equ i r ed  f o r  t h e  s u b j e c t  con t r ac t .  
The i n s u l a t i o n  system f o r  t h e  Algol nozz le- tes t  motors 
(as  cont rac ted)  was of s t anda rd  Gen-Gard V-44, as used i n  t h e  Algol I I B  product ion 
motors. ASPC proposed and was granted a c o n t r a c t  change t o  i n s u l a t e  t h e  two Algol 
t e s t  motors w i th  t h e  s e l e c t e d  i n s u l a t i o n  system der ived  under Contract  NAS3-11224. 
(2) Design 
The i n s u l a t i o n  system des ign  f o r  t h e  Algol t e s t  motor 
is shown i n  F igure  2 .  The s i g n i f i c a n t  motor performance parameters a f f e c t i n g  
i n s u l a t i o n  des ign  were as fo l lows:  
2 Web Average P res su re ,  p s i a  (N/cm ) 
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5463 (3290) 
The aluminum content  and combustion temperature of t he  s e l e c t e d  p r o p e l l a n t ,  
ANB-3347, a r e  very  s i m i l a r  t o  those  of t h e  260-SL p r o p e l l a n t s ,  ANB-3105 and 
ANB-3254. Therefore ,  no des ign  c o r r e c t i o n  f a c t o r  was necessary t o  account f o r  
/ 
I .  Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  ( c o n t )  
p r o p e l l a n t  f lame composi t ion and t empera tu re  d i f f e r e n c e s ,  An ad jus tment  i n  
i n s c L a t ~ o n  performance was n e c e s s a r y  t o  account  f o r  t h e  lower web average  p r e s -  
s u r e  Thickness  l o s s  r a t e  d a t a  f o r  t h e  proposed m a t e r i a l s  were o b t a i n e d  from 
26a-SL and C o n t r a c t  NAS3-11224 motor t e s t s ,  where t h e  average  o p e r a t i n g  p r e s s u r e  
2 
was  approximately  600 p s i a  (413 ~ / c m  ) .  The c o r r e c t i o n  f a c t o r  a p p l i e d  was a s  
f o l l o w s  : 
P motor 0 . 3  ( '600 
A design t h i c k n e s s  c a l c u l a t i o n  summary i s  shown i n  Tab le  1; a  c o n s e r v a t i v e  
safety f a c t o r  of 2.0 was used.  
The forward-dome i n s u l a t i o n  of FBT-106 t a p e r e d  from 
a t h i c k n e s s  of 0.40 i n .  (1.06 cm) a t  t h e  i g n i t e r  boss  t o  0 .20  i n .  (0 .53  cm) a t  
tlae chamber t a n g e n t  p l a n e .  The chamber s i d e w a l l  i n s u l a t i o n  from t h e  forward 
t a n g a t  t o  14.0  i n .  (35.6 cm) forward of t h e  a f t  j o i n t  was 0 .20- in . - th ick  (0 .53  cm) 
t rowel t ib le  IBT-106. I n s u l a t i o n  i n  t h e  a f t  dome and n o z z l e  forward s h e l l  v a r i e d  
i n  contoured t h i c k n e s s  and because  of t h e  h i g h  gas  v e l o c i t i e s  expec ted  i n  t h e s e  
i'< 
areas, t r o w e l a b l e  IBT-100 was s p e c i f i e d .  The c r i t i c a l  i n s u l a t i o n  t h i c k n e s s  was 
1,30 i n .  (3 .30 cm) a t  t h e  26-in.-dia (63.5 cm) l o c a t i o n  of t h e  a f t  s t e p - j o i n t .  
A l l  c t h e r  a r e a s  i n  t h e  af t dome and n o z z l e  had e x c e s s  m a t e r i a l  t o  m a i n t a i n  a  
srnoollh c o n t o u r .  The p r o p e l l a n t  b o o t s  were  0 .25- in . - th ick (0.635 cm) t r o w e l a b l e  
LBY--Okj, w i t h  a  10-in.- long (25.4 cm) bond l i n e  t o  t h e  s i d e w a l l  i n s u l a c '  ~ 1 0 n .  A 
c a l c ~ l a t e i :  i n s u l a t i o n  weigh t  summary i s  shown i n  Table  2 .  
c .  P r o p e l l a n t  S e l e c t i o n  and T a i l o r i n g  
The p r o p e l l a n t  s e l e c t e d  f o r  l o a d i n g  of t h e  two Algol  c a s e s  
was L*i\iB-3347. This  p r o p e l l a n t  i s  b a s i c a l l y  a  low-burning-rate v e r s i o n  of t h e  
LL.NB-'3254 p r o p e l l a n t  used i n  Motor 260-SL-3. It c o n t a i n s  84 wt% t o t a l  s o l i d s  
'' TB?-Z00 i s  a t r o w e l a b l e ,  cure- in-place  i n s u l a t i o n  based on a n  epoxy-cured ?BAN 
b l n d e r  f i l l e d  w i t h  a s b e s t o s  f i b e r s ,  antimony o x i d e ,  and carSon b l a c k .  IRT-106 
Ls e s s e n t i a l l y  t h e  same e x c e p t  f o r  s h o r t e r  a s b e s t o s  f i b e r  l e n g t h  which makes 
L t  easier t o  p r o c e s s  and app ly  b u t  l e s s  r e s i s t a n t  t o  e r o s i v e  c o n d i t i o n s .  
I 1 I . B .  Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  ( c o n t )  
( A P / A ~ ,  69/15) and u t i l i z e s  a PBAN b i n d e r ,  cured w'ith DER-332 and p l a s t i c i z e d  
15% w i t h  DOA. There  a r e  no b u r n i n g  r a t e  a d d i t i v e s .  A v a i l a b l e  d a t a  had i n d i c a t e d  
t h a t  t h e  t a r g e t  l i q u i d  s t r a n d  burn ing  r a t e  of approximately  0 . 2 1  i n - t s e c  (C.533 
2 
cm/sec) a t  500 p s i a  (345 N/cm ) cou ld  b e  achieved w i t h  a n  o x i d i z e r  b l e n d  composed 
of +48/UnglMA i n  a  50/30/20 r a t i o .  
To de te rmine  t h e  c u r i n g  a g e n t  c o n c e n t r a t i o n  r e q u i r e d  to 
p r o v i d e  a p r o p e l l a n t  w i t h  t h e  d e s i r e d  i n i t i a l  modulus of 450 t o  500 p s i a  (310 t o  
2  345 N/cm ) , a series of l a b o r a t o r y  s c a l e ,  10-lb s i z e  (4.54 Kgm) , b a t c h e s  Ib~ere 
prepared  w i t h  f i v e  l e v e l s  of DER-332 epoxide  r a n g i n g  from 90 t o  110 equivalents, 
On t h e  b a s i s  of mechanical  p r o p e r t i e s  d a t a  f rom t h e s e  b a t c h e s  (Table  3 and Figure %),  
a c u r i n g  a g e n t  l e v e l  of 110 e q u i v a l e n t s  was s e l e c t e d .  
S i n c e  t h e  i n n e r  b o r e  hoop s t r a i n  i n  t h e  Algo l  motors could 
b e  reduced by c u r i n g  t h e  p r o p e l l a n t  a t  l lO°F  (317OK) i n s t e a d  of t h e  u s u a l  b3S0F 
(331°K) ( f o r  PBAN p r o p e l l a n t s ) ,  samples of each  of t h e s e  b a t c h e s  were cured  a t  
b o t h  of t h e s e  t empera tu res .  The d a t a  (Table  3) i n d i c a t e  t h a t  t h e  p r o p e l l a r ? ~  
i n i t i a l  modulus and t e n s i l e  s t r e n g t h  reached approx imate ly  t h e  same Level a t  e i t he r  
c u r e  t e m p e r a t u r e ,  b u t  t h e  p r o p e l l a n t  s t r a i n  c a p a b i l i t y  was s i g n i f i c a n t l y  l ess  wI1e3 
when cured  a t  100°F (311°K) r a t h e r  t h a n  a t  135OF (331°K). A l l  b a t c h e s  appeared to 
b e  f u l l y  cured  a f t e r  10 t o  11 days a t  135OF (331°K), and t h e r e  was no s i g n i f i c a n t  
change i n  p r o p e r t i e s  a f t e r  a n  a d d i t i o n a l  7  days c u r e .  Based on t h i s  da tz- ,  a c a r e  
c y c l e  of 10 t o  11 days a t  135OF (331°K) was s e l e c t e d  f o r  t h e  Algo l  motor ,  
The b i n d e r  i n g r e d i e n t  t h a t  e x e r t s  t h e  g r e a t e s t  e f f e c t  an 
p r o p e l l a n t  mechanical  p r o p e r t i e s  is  t h e  PBAN te rpo lymer .  S i n c e  t h e r e  was n o t  
s u f f i c i e n t  PBAN a v a i l a b l e  from a s i n g l e  l o t  of m a t e r i a l  t o  make a l l  of the pro-  
p e l l a n t  r e q u i r e d  f o r  t h i s  program, i t  was n e c e s s a r y  t o  u t i l i z e  a b l e n d  of t-xo 
l o t s  (691  and 725A). A l l  t h e  s m a l l - s c a l e  development b a t c h e s  d e s c r i b e d  above 
u t i l i z e d  a b l e n d  of t h e s e  two l o t s  i n  t h e  p roper  r a t i o .  To de te rmine  the e f f e c t s  
of p o s s i b l e  i n c o r r e c t  b l e n d i n g  on p r o p e l l a n t  p r o p e r t i e s ,  a  10-lb (4 .54  Kgm) batch 
of ANB-3347 p r o p e l l a n t  was p repared  w i t h  each l o t  of PBAN by i t s e l f  (691 aild 725A), 
The d a t a  (Tab le  4) i n d i c a t e  t h a t  t h e s e  two p a r t i c u l a r  l o t s  produce v i r t u a l l y  1132- 
. . t i c a l  p r o p e l l a n t  and e r r o r s  i n  b l e n d i n g  would n o t  b e  expec ted  t o  have any s:gnit l- 
c a n t  e f f e c t  on p r o p e l l a n t  p r o p e r t i e s .  
ILI ,3 ,  Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  (con t )  
Although t h e  50130120, +48/Ung/MA o x i d i z e r  b lend  r a t i o  pro- 
v ided approximately  t h e  d e s i r e d  p r o p e l l a n t  b u r n i n g  r a t e ,  f i n a l  s e l e c t i o n  of t h e  
blend r a t i o  t o  b e  used i n  t h e  two Algo l  motors was made on t h e  b a s i s  of s o l i d  
s t r a n d  and 3KS-500 s i z e  motor b u r n i n g  r a t e s  of t h e  p r o p e l l a n t  made i n  t h e  f i r s t  
productSon s i z e  (scale-up)  b a t c h .  To p r o v i d e  a  sound b a s i s  f o r  s e l e c t i o n  of 
t k i s  a x i d i z e r  b l e n d  r a t i o ,  a  s e r i e s  10-lb (4.54 Kgm) p r o p e l l a n t  b a t c h e s  was p re -  
p i x e d  t.rFtli b l e n d s  r a n g i n g  from 80120, 648/MA t o  80120, UnglMA t o  e s t a b l i s h  a  
c o r z e l a t i o n  between s t r a n d  b u r n i n g  r a t e  and o x i d i z e s  b l e n d .  The r e s u l t s  of t h i s  
2  
work zre shown g r a p h i c a l l y  i n  F i g u r e  4.  A t  500 p s i a  (345 N/cm ) t h e  s o l i d  s t r a n d  
Surni:lg rate r a n g e  i s  0.195 t o  0.240 i n . / s e c  (0.495 t o  0.610 cmlsec) .  These 
ba tches  were  a l s o  t e s t e d  f o r  mechanical  p r o p e r t i e s ,  and t h e  d a t a  (Table  5) i n d i -  
cate yo s i g n i f i c a n t  e f f e c t  due t o  v a r i a t i o n  of t h e  o x i d i z e r  b l e n d .  
The s i g n i f i c a n t  p r o p e l l a n t  c h a r a c t e r i s t i c s  a r e  summarized 
in. Table 6, 
d. Gra in  Design 
A cas t - in -case ,  i n t e r n a l - b u r n i n g  g r a i n  d e s i g n  w i t h  forward 
and aft r e l e a s e  b o o t s  was s e l e c t e d  t o  p r o v i d e  t h e  r e q u i r e d  b a l l i s t i c  performance 
i n  c o n j u n c t i o n  w i t h  t h e  ANB-3347 p r o p e l l a n t .  The s t a n d a r d  Algol  IhB g r a i n  con- 
f i g ~ r a t i o n  c o n s i s t s  of a  Mal tese  c r o s s  p e r f o r a t i o n  ex tend ing  t o  w i t h i n  9 .0  i n .  
(22-9 cm) oE t h e  forward end of t h e  g r a i n .  The c r o s s  c o n f i g u r a t i o n  i s  t a p e r e d  
s o  that t h e  f low a r e a  i n c r e a s e s  toward t h e  a f t  end ,  a l l o w i n g  f o r  maximum p r o p e l -  
l a n t  ,oading w h i l e  minimizing e r o s i v e  b u r n i n g .  The g r a i n  d e s i g n  i s  d e f i n e d  i n  
Kerc je t  Drawing 1147611 ( F i g u r e  5 ) .  
The g r a i n  d e s i g n  i s  i d e n t i c a l  t o  t h a t  of t h e  Algol  I I B  
excep: f o r  t h e  i n c o r p o r a t i o n  of f i l l e t s  between each of t h e  f o u r  c r o s s  t i p s  i n  
t h e  a ' t  75  i n .  (190 ern) of t h e  b o r e .  Each f l a t  f i l l e t  h a s  a  maximum dep th  of 
1,0 in, (2 .54 cm) a t  t h e  a f t  end and t a p e r s  l i n e a r l y  t o  ze ro  dep th  75 i n .  (190 
c m j  fo rward ,  The e x t r a  c r o s s - s e c t i o n a l  f low a r e a  p rov ided  by t h e  a d d i t i o n a l  
tapering of t h e  b o r e  r e s u l t s  i n  an  a f t  end p o r t - t o - t h r o a t  a r e a  r a t i o  of 1 . 3 4 .  
1 I I . B .  Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  (cont) 
Like  t h e  Algo l  I I B ,  t h e  g r a i n  i s  case-bonded w i t b  t15e 
e x c e p t i o n  of forward and af t end b o o t s ,  S i n c e  t h e  stress and s t r a i n  levels a r e  
e s s e n t i a l l y  t h e  same as t h e s e  exper ienced  i n  t h e  Algo l  I I B  motor ,  the aLl3wabl.1 
mechanical  p r o p e r t i e s  of ANB-3347 p r o p e l l a n t  were compared w i t h  t h o s e  of the 
Algol  p r o p e l l a n t .  Th i s  comparison v e r i f i e d  t h a t  t h e  margins of s a f e t y  f o r  the 
low-cost a b l a t i v e  n o z z l e  (LCAN) motor were  a l l  p o s i t i v e .  A summary of  maxinu3 
stresses and s t r a i n - v s - p r o p e l l a n t  a l l o w a b l e  mechanical  p r o p e r t i e s  i s  presented 
i n  Tab le  7 .  
e .  I g n i t e r  
The i g n i t i o n  sys tem c o n s i s t s  of a  modif ied Algol  I:% pra- 
p e l l a n t  i g n i t e r  (PN 1128253-49) w i t h  two i n i t i a t o r s .  The system was s e l e c t e d  
because  of i t s  a v a i l a b i l i t y ,  p r i o r  q u a l i f i c a t i o n ,  and demonstra ted a b i l i t y  t o  
i g n i t e  t h e  motor w i t h  Algo l  I I B  p r o p e l l a n t .  The p y r o t e c h n i c s  consis:  of a pri- 
mary charge  of 100 gm of BPN p e l l e t s  and a main charge  of about  5 .5  Lb ( 2 , i  Lgn) 
of ANP-2758 Mod I p r o p e l l a n t .  
Two prope l lan t - loaded  i g n i t e r  chambers,  r e s i d u a l  t o  tl pre- 
v i o u s  Algo l  I I B  program, were  modif ied from t h e  s t a n d a r d  c o n f i g u r a t i o ~  f c r  u s e  i n  
t h i s  program. About 40% of t h e  i g n i t e r  p r o p e l l a n t  charge  was removed by :nachinirg 
away 213 of each of t h e  1 8  g r a i n  r a y s .  T h i s  was done t o  reduce  t h e  mass-flow 
added t o  t h e  motor a t  i g n i t i o n  where t h e  p r e d i c t e d  p r e s s u r e  peak was a p p r o a c h i ~ g  
t h e  c a s e  proof p r e s s u r e .  A n a l y s i s  v e r i f i e d  t h a t  t h e  remaining p r o p e l l a n t  charge 
would p r o v i d e  adequa te  energy f o r  p o s i t i v e  motor i g n i t i o n .  A 0 .25- in , - t i r i ck  
(0 .64  cm) c o a t i n g  of IBT-106 i n s u l a t i o n  was a p p l i e d  t o  t h e  o u t e r  s u r f a c e  cf both 
i g n i t e r  chambers f o r  p r o t e c t i o n  d u r i n g  t h e  f i r i n g .  
f . B a l l i s t i c  Performance 
The Algo l  n o z z l e  test  motors  were des igned  t o  s u b j e c r  t h e  
low-cost a b l a t i v e  n o z z l e s  b e i n g  e v a l u a t e d  t o  motor f i r i n g  c o n d i t i o n s  representa- 
t i v e  of l a r g e  s o l i d  r o c k e t  b o o s t e r s .  E x h i b i t  A  t o  t h e  c o n t r a c t  work sfa:er>*r;c 
o? cr:~er't;l s t i p u l a t e d  t h e  p r i n c i p a l  o p e r a t i n g  paramete rs  t h a t  p rov ided  the desi ,-
of t h e  motor (Table  8) . An average  chamber p r e s s u r e  of 600 + 100 psia ( 4 2  4 + 
- - 
2  69 N/cm ) o v e r  a  web t i m e  of 40 s e c  (min) was r e q u i r e d .  
lIP,B, Task L - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  ( c o n t )  
Using t h e  a c t u a l  s o l i d  s t r a n d  burn ing  r a t e  of t h e  p rope l -  
Ian1 c a s t i n t o  Motor LCAN-01, and t h e  expec ted  t h r o a t  e r o s i o n  r a t e  of 11.7  m i l s /  
sec (28,7 cm/sec) ,  a b a l l i s t i c  performance p r e d i c t i o n  was accomplished.  The 
Algal L I B  S i m u l a t i o n  Program t h a t  w a s  used t a k e s  i n t o  account  t h e  expec ted  e ro -  
sive b u r p i n g  e f f e c t s  on motor performance,  The r e s u l t s  of t h i s  a n a l y s i s  i n d i -  
c a t e d  that a web a c t i o n  t ime of 38.6 s e c  a t  an  average  p r e s s u r e  of 532 p s i a  
2 ( 3 6 5  Njcm ) could b e  expected.  The combinat ion of a  s l i g h t l y  h i g h e r  t h a n  de- 
sired p r o p e l l a n t  b u r n i n g  rate and t h e  i n i t i a l  h i g h  p r e s s u r e  due t o  e r o s i v e  
3 u r n i n g  c o n t r i b u t e d  t o  t h e  web-duration b e i n g  l e s s  t h a n  t h e  t a r g e t  v a l u e .  How- 
2  
ever, t h e  p r e d i c t e d  chamber p r e s s u r e  was 500 p s i a  (345 N/cm ) o r  g r e a t e r  f o r  
39.5 a e c ,  which i s  v e r y  c l o s e  t o  t h e  r e q u i r e d  40 s e c .  Average chamber p r e s s u r e  
2 f o r  t i e  d u r a t i o n  of t h e  motor a n a l y s i s  ( 4 1  s e c )  was 530 p s i a  (355 Njcm ) w i t h  a  
6 
cor responding  a v e r a g e  t h r u s t  of 4.38 x  lo6  l b f  (19.5  x  10 N) . The p r e d i c t e d  
p r e s s d r e  and t h r u s t  c u r v e s ,  which a r e  a p p l i c a b l e  t o  b o t h  motors ,  a r e  shown i n  
Figure 6, 
2 ,  Nozzle Design 
a.  Requirements 
E x h i b i t  A t o  t h e  c o n t r a c t  work s t a t e m e n t  e s t a b l i s h e d  t h e  
b a s i c  ground r u l e s  of t h e  low-cost a b l a t i v e  n o z z l e  d e s i g n  c o n s i s t e n t  w i t h  t h e  
o b j e c t i v e  of a c q u i r i n g  performance d a t a  on low c o s t  a b l a t i v e  m a t e r i a l s  s u i t a b l e  
f o r  u s e  i n  f u t u r e  l a r g e  s o l i d  motor n o z z l e s .  A nonsubmerged n o z z l e  hav ing  a  
t h r o a t  d ia-neter  of 1 3  t o  1 5  i n .  (33  t o  4 0 - 6  cm), a  621 expansion r a t i o ,  and a  
conical e x i t  cone w i t h  a d i v e r g e n c e  a n g l e  of l 7 , 5 "  (0.306 r a d . )  w a s  s p e c i f i e d .  
I"i,jas f u r t h e r  r e q u i r e d  t h a t  c o n v e n t i o n a l  t a p e  wrapping and p r e s s u r e / h e a t i n g  
c u r e  kechciques b e  employed. A l i s t i n g  of a c c e p t a b l e  c a n d i d a t e  m a t e r i a l s  was 
prov i -ed  (Table  9 )  w i t h  a c t u a l  s e l e c t i o n  of m a t e r i a l s  s u b j e c t  t o  a p p r o v a l  of 
t h e  NASA-LeK P r o j e c t  Manager. 
The n o z z l e  was t o  b e  of f l i g h t - w e i g h t  d e s i g n ,  having maxi- 
~ i l m  s a z e t y  f a c t o r s  of 1 . 3  on s t r u c t u r a l  components and 2.8 on a b l a t i v e  components. 
These requirements were  subsequen t ly  r e l a x e d ,  w i t h  the a p p r o v ~ l  of :he NASA-LeRC 
Pro:ect  Manager, i n  t h e  i n t e n t  of i n c r e a s i n g  t h e  p r o b a b i l i t y  of s u c c e s s  i n  t h e  
1II.B. Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  :cant) 
t e s t s .  T h e r e f o r e ,  no e f f o r t  was a t temped t o  op t imize  t h e  d e s i g n  t o  a f l i g h t -  
weight  c o n f i g u r a t i o n .  Pr imary c o n s i d e r a t i o n s  i n  t h e  d e s i g n  were t h a t  tile i n t e r -  
f a c e  between t h e  a b l a t i v e  f l ame  l i n e r  and t h e  i n s u l a t i o n  overwrap d i d  n o t  exceed 
100°F (31Z°K) d u r i n g  t h e  f i r i n g  and t h a t  s t r a i n  i n  t h e  a b l a t i v e s  d i d  n o t  exceed 
0.25%. 
b .  M a t e r i a l  S e l e c t i o n  
(1) Nozzle No. 1 
On t h e  b a s i s  of n o z z l e  m a t e r i a l  c o s t  t r a d e  s t u d i e s  
conducted on a b a s e - l i n e  260-FL n o z z l e  d e s i g n ,  c o n c l u s i o n  was made t h a t  tire u s e  
of c a r b o n - s i l i c a  p h e n o l i c ,  double-weight s i l i c a ,  and canvas-duck pheno'ic showed 
t h e  most p o t e n t i a l  f o r  o v e r a l l  nozz le -cos t  r e d u c t i o n .  These m a t e r i a l s  would b s  
s u b s t i t u t e d  f o r  t h e  MX-4926 carbon p h e n o l i c  and FM-5131 s i l i c a  p h e n o l i c  mate- 
r ials t h a t  have been used p r e v i o u s l y  i n  t h e  l a r g e  motor n o z z l e  a s s e m b l i e s ,  
Although subsequen t  t r a d e  s t u d i e s  (d i scussed  i n  S e c t i o n  I I I . D . l )  i n d i c a t e a  t h a z  
t h e  u s e  of a carbon-phenol ic  m a t e r i a l  i n  t h e  t h r o a t  was t h e  most economical  
approach i n  r e d u c i n g  o v e r a l l  large-motor c o s t ,  i t  was f e l t  t h a t  a d d i t i o n z l  
c h a r a c t e r i z a t i o n  of c a r b o n - s i l i c a  would b e  b e n e f i c i a l .  I f  t h e  a c t u a l  t h r o a t  
e r o s i o n  of t h i s  material could  b e  demonstra ted t o  b e  lower t h a n  expec ted  (as 
determined f rom l i m i t e d  subscale-motor test d a t a )  i t  could  be  a n  a t r a c t i v e  
replacement  f o r  carbon-phenol ic  on t h e  b a s i s  of i t s  lower  c o s t  of $5,00 t o  
$ 6 . 0 0 / l b .  However, i t s  most p r o b a b l e  a p p l i c a t i o n  would b e  i n  t h e  Lower erosio-7 
a r e a s  of t h e  n o z z l e  e n t r a n c e  s e c t i o n s  and forward e x i t  cone.  
I n  t h e  less-severe environments  of t h e  n o z z l e  aaC 
e x i t  cone,  t h e  u s e  of heavyweight s i l i c a  and canvas-duck p h e n o l i c  showed t ' l e  
g r e a t e s t  p o t e n t i a l  as a  c o s t - e f f e c t i v e  a b l a t i v e  m a t e r i a l .  These m a t e r i a l s  had  
n o t  been  t e s t e d  p r e v i o u s l y  on a l a r g e  s c a l e  motor h a v i n g  p r o p e l l a n t  e x h a u s t  
c h a r a c t e r i s t i c s  e s s e n t i a l l y  t h e  same as would b e  exper ienced  on  t h e  260-in,-dis 
(6.60 m) motors .  Other  low-cost m a t e r i a l s  on t h e  NASA-LeRC l i s t i n g  of acczn t -  
a b l e  a l t e r n a t i v e s ,  such  as FM-5272 paper  p h e n o l i c  and t h e  a s b e s t o s  phenolics, 
do n o t  p o s s e s s  any s i g n i f i c a n t  c o s t ,  performance,  o r  p r o c e s s i n g  a d v a ~ t a g e  over 
t h e  canvas-duck materials and were  n o t  cons idered  f o r  e v a l u a t i o n  as a b i a t o r s .  
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For t h e  r e a s o n s  s k a t e d  above,  t h e  f o l l o w i n g  m a t e r i a l  
se iec t i3ns  were made: 
Component 
--
Area R a t i o  M a t e r i a l  
Entrra:lce S e c t i o n  -3.49 t o  -1.73 S i l i c a  P h e n o l i c  
(double-weight)  






Entrance S e c t i o n  -1.73 t o  -1.11 Carbon-Si l ica  P h e n o l i c  MXSC-195 
Throat I n s e r T  -1.11 t o  4-1.17 4C 2530 
Exit Gone l%d L i n e r  i-1.17 t o  d-1.60 WB-$251 
Exi t  done A f t  L i n e r  +1.60 TO -6.00 Canvas Duck P h e n o l i c  KF-418 
Asbestos  P h e n o l i c  MXA-6012 
FM-5525 
S e l e c t i o n  of a s b e s t o s  p h e n o l i c  f o r  t h e  overwrap was 
based p r i m a r i l y  on t h e  d e s i r e  t o  i n v e s t i g a t e  t h e  f a b r i c a t i o n  c o m p a t i b i l i t y  
between a  low-cost a sbes tos -phenol ic  sys tem and t h e  s e l e c t e d  l i n e r  m a t e r i a l s .  
Asbestos axd canvas duck p h e n o l i c  a r e  e q u i v a l e n t  i n  terms of mechanical  proper-  
ties and c o s t ,  w h i l e  t h e  a s b e s t o s  i s  a s l i g h t l y  b e t t e r  i n s u l a t o r ,  Both mate- 
rials a re  w e l l  s u i t e d  f o r  t h e  overwrap a p p l i c a t i o n  and each m a t e r i a l  was i n c o r -  
?ora&-d i n t o  t h e  two n o z z l e s  f o r  e v a l u a t i o n  i n  t h i s  program. 
To f u r t h e r  s u b s t a n t i a t e  t h e  n o z z l e  m a t e r i a l  s e l e c -  
tions, a comparison of t h e  r e l a t i v e  c o s t  and performance of the  c a n d i d a t e  mate- 
rials was a a d e ,  A Cost E f f e c t i v e n e s s  Index (CEZ) r a t i n g  was fo rmula ted  which 
cakes i n t o  account  t h e  p r e d i c t e d  m a t e r i a l  l o s s  and c h a r ,  t h e  s p e c i f i c  g r a v i t y ,  
and pre-preg c o s t  pe r  pound. T h i s ,  i n  e f f e c t ,  compares t h e  u n i t  c o s t  of mate- 
r i a l   which must b e  p rov ided  t o  meet d e s i g n  r e q u i r e m e n t s .  The r e s u l t s  a r e  sum- 
rnarizcd i n  Tab le  10 and show l i t t l e  a p p a r e n t  d i f f e r e n c e  between carbon and carbon- 
s i l i z a  i n  t h e  h i g h e r  e r o s i o n  a r e a s  of t h e  n o z z l e .  Conversely ,  canvas duck h a s  a  
d i s t i r c t  cos t /pe r fo rmance  advan tage  over  s i l i c a  i n  t h e  e x i t  cone. 
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( 2 )  Nozzle No. 2 
S e l e c t i o n  of s u i t a b l e  materials f o r  e v a l u a t i o a  on 
t h e  second t e s t  n o z z l e  was p r i m a r i l y  t o  e s t a b l i s h  t h e  l i m i t s  w i t h i n  which v e r y  
low c o s t  a b l a t i v e  m a t e r i a l s  can  b e  used i n  t h e  v a r i o u s  r e g i o n s  of t h e  n o z z l e ,  
On t h e  b a s i s  of c u r r e n t  e x p e r i e n c e  i n  n o z z l e  d e s i g n ,  t h e  v e r y  low c o s t  types of 
a b l a t i v e  m a t e r i a l s ,  i . e . ,  s i l i c a ,  a s b e s t o s ,  and canvas  p h e n o l i c s ,  have been 
used on ly  i n  t h e  h i g h  expans ion- ra t io  areas of t h e  n o z z l e .  R e s u l t s  of a c o s t  
e f f e c t i v e n e s s  s t u d y  (Table  l o ) ,  i n d i c a t e d  t h a t  a  s a v i n g  i n  n o z z l e  c o s t  wou!.d be 
r e a l i z e d  by u s i n g  s i l i c a  i n  t h e  t h r o a t  and low area r a t i o s  of t h e  n o z z l e ,  
Although a  subsequen t  motor performance t r a d e  s t u d y  showed t h a t  t h e  mcst eccnon- 
i c a l  approach is  a n o z z l e  d e s i g n  where t h r o a t  area change i s  a t  minimum, 1 1 -  i s  
n e v e r t h e l e s s  d e s i r a b l e  t o  o b t a i n  f a c t u a l  performance c h a r a c t e r i s t i c s  of t h e s e  
m a t e r i a l  t y p e s  a t  t h e  t h r o a t  and low a r e a  r a t i o s  of t h e  n o z z l e .  On the b a s i s  
of r e s u l t s  f o r  e r o s i o n  c h a r a c t e r i s t i c s ,  i n t e l l i g e n t  s e l e c t i o n  of t h e s e  mater ia ls  
f o r  t h e  f u l l  s c a l e  n o z z l e  d e s i g n  of Task 111 can b e  made. 
A f t e r  c o n s i d e r a t i o n  of v a r i o u s  low-cost materials, 
a  n o z z l e  d e s i g n  i n c o r p o r a t i n g  a s i l i c a - p h e n o l i c  t h r o a t ,  e n t r a n c e  s e c t i o n ,  and 
fo rward  e x i t  cone w i t h  a canvas  duck-phenolic a f t  e x i t  cone and o v e m r a p  was 
s e l e c t e d .  T h i s  comprised a n  "a l l  whi te"  n o z z l e  f o r  t h e  second e v a l u a t i o n  test. 
Cons iderab le  d a t a  are c u r r e n t l y  a v a i l a b l e  on e1.e 
the rmal  and p h y s i c a l  p r o p e r t i e s  and performance of t h e  v a r i o u s  carbon p h e n c l i c  
m a t e r i a l s .  However, t h e r e  h a s  been v e r y  l i t t l e  e x p e r i e n c e  t o  d a t e  on t h e  use 
of s i l i c a - p h e n o l i c  m a t e r i a l s  i n  r o c k e t  motor n o z z l e  t h r o a t  s e c t i o n s ,  T h e r a a i  
a n a l y s i s  and d e s i g n  c o n f i r m a t i o n  i s  handicapped by t h e  l a c k  of adequa te  rna te r la~  
c h a r a c t e r i s t i c s  i n  t h i s  environment.  I f  t h e  e r o s i o n  r a t e  of a 260-FL motor 
n o z z l e  t h r o a t  made of s i l i c a  p h e n o l i c  were demonstra ted t o  b e  o n l y  0 ,013  ln,/sec 
(0.033 cm/sec) ,  r a t h e r  t h a n  t h e  0.017 i n . / s e c  (0.043 cm/sec) p r e d i c t e d ,  2 n e t  
s a v i n g s  of $118,600 i n  motor c o s t s  cou ld  b e  r e a l i z e d .  Th is  i s  based on Gr, 
a b l a t i v e - m a t e r i a l  s a v i n g  of $303,600 (from t h e  b a s e - l i n e  d e s i g n )  less the 
$175,000 p r o p e l l a n t  and c a s e  c o s t  t h a t  i s  n e c e s s a r y  t o  r e c o v e r  t h e  s,me p;yloac! 
c a p a b i l i t y  as t h e  b a s e l i n e  motor ,  a s  i s  exp la ined  i n  S e c t i o n  1II.D.I. 
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It w a s  a l s o  f e l t  t h a t  t h e  p r o c e s s i n g  p r o p e r t i e s  of 
t h e  2 . o ~ b l e - t h i c k n e s s  s i l i c a  t a p e s  shou ld  b e  f u r t h e r  e v a l u a t e d  s i n c e  t h i s  t y p e  
of material would c o n t r i b u t e  t o  s i g n i f i c a n t  l a b o r  c o s t  s a v i n g s  d u r i n g  wrapping 
of f u l l - s c a l e  (260-FL) n o z z l e  components. 
c .  Design D e s c r i p t i o n  
The n o z z l e  c o n f i g u r a t i o n  was of a  nonsubmerged d e s i g n  
kaving a 1 3 - 0  i n .  (33-0  cm) i n i t i a l  t h r o a t  d i a m e t e r ,  a  17.5-degree expansion 
a n g l e ,  anc. a  6 : l  expansion r a t i o  p r o v i d i n g  a  31-85  i n .  ( 8 0 , 8  cm) e x i t  d i a m e t e r .  
A c o n i c a l  e n t r a n c e  con tour  of approximately  35 d e g r e e s  p r o v i d e s  a  smooth gas  
f;ow surface f rom t h e  motor chamber t o  t h e  t h r o a t  s t a t i o n .  
The n o z z l e  assembly was comprised of t h r e e  a b l a t i v e  l i n e r s  
f o r  tlie e n t r a n c e ,  t h r o a t ,  and e x i t  s e c t i o n s ,  Each l i n e r  component was des igned  
t o  b e  f a b r i c a t e d  by c o n v e n t i o n a l  tape-wrapping methods and cured a t  250 t o  300 
2 psi (LA2 t o  207 N/cm ) a u t o c l a v e  p r e s s u r e .  The t a p e  o r i e n t a t i o n  a n g l e  measured 
 fro^ t h e  n o z z l e  c e n t e r  l i n e  was 70,  45, and 0 degrees  f o r  t h e  e n t r a n c e ,  t h r o a t ,  
&nd e x i t  s e c t i o n  components, r e s p e c t i v e l y .  Each l i n e r  component was des igned  t o  
be overwrapped w i t h  t a p e  p a r a l l e l  t o  t h e  wrapping s u r f a c e ,  w i t h  t h e  two m a t e r i a l s  
beslag, cured s i m u l t a n e o u s l y ,  
The l i n e r  components were  s u p p o r t e d  by a  s t r u c t u r a l  s h e l l  
f a b r L c a t e d  o f  AHSI 4130 steel  (normal ized)  hav ing  a  minimum y i e l d  s t r e n g t h  of 
2 
about 70,000 p s i  (48300 N/cm ) .  The gap between l i n e r  components was f i l l e d  
x i e h  2 s i l i c a  r u b b e r .  I n  a d d i t i o n  t o  t h e  t h r e e  p l a s t i c  i n s e r t s ,  a  t r o w e l a b l e  
i n s u l a r i o n  (IBT-100) w a s  used t o  p r o t e c t  t h e  n o z z l e  approach s e c t i o n  forward of 
t k e  e n  t r a n c e  i n s e r t  . 
The f i b e r g l a s s  s t r u c t u r a l  wrap,  c o n s i s t i n g  of 65% r o v i n g  
and 356 c l o t h  i n  i n t e r s p e r s e d  l a y e r s ,  p rov ided  a d d i t i o n a l  s t r e n g t h  i n  the h i g h e r  
stressed area of t h e  ex i t -cone  l i n e r  immediate ly  a f t  of t h e  s t e e l  s h e l l .  S-994 
g l a s s  ro-iring (20 end) and No. 143  g l a s s  c l o t h  impregnated w i t h  epoxy r e s i n  were  
s p e c i f i e d ,  T h i s  sys tem r e q u i r e d  a s t a n d a r d  e leva ted- tempera tu re  and p r e s s u r e -  
c u r e  c y c l e ,  
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The above d e s c r i p t i o n  a p p l i e s  gene ra l ly  t o  t h e  t w o  
nozz les  t h a t  were f a b r i c a t e d .  The s i g n i f i c a n t  d i f f e r e n c e  between the  mc v ~ n i t s  
was i n  t he  a b l a t i v e  m a t e r i a l s  used and t h e  l o c a t i o n  of m a t e r i a l  t r a n s i t i o n  
i n t e r f a c e s .  These f e a t u r e s  a r e  documented i n  t h e  f a b r i c a t i o n  drawings refer-  
enced i n  t he  fol lowing paragraphs: 
(1) Nozzle No. 1 
Nozzle No. 1 is  def ined  i n  Aero je t  Drawing No, 
1147608 (Figure 7 ) .  From t h e  l i s t i n g  (on t h e  drawing) of acceptab le  and equiv- 
a l e n t  phenol ic - res in  impregnated a b l a t i v e  tapes ,  t h e  fol lowing m a t e r i a l s  were 
a c t u a l l y  used: (Choices were made by the  f a b r i c a t o r  on the  b a s i s  of S e s t  c o s t  
and de l ive ry .  ) 
Forward Entrance Sec t ion  ( t o  E = 1.67) 
A£ t Entrance Sec t ion  
Throat I n s e r t  
Forward E x i t  Cone Liner  ( t o  E = 1.6)  
Af t  E x i t  Cone Liner  
Overwrap 
SP 8030-96 (Amour) 
Si l ica-phenol ic  
MXSC-195 ( F i b e r i t e )  
Carbon-si l ica  phenolic 
4 W 0 2  (Hexcel) 
Canvas duck phenolic 
MXA-6012 ( F i b e r i t e )  
Asbestos phenolic  
(2) Nozzle No. 2  
The second nozzle  i s  shown i n  Figure 8 (Aerojet  
Drawing 1147609), and t h e  m a t e r i a l s  used i n  f a b r i c a t i o n  of t h i s  nozzle  are 
l i s t e d  below: 
Entrance Sec t ion  
Throat I n s e r t  
Fwd Ex i t  Cone Liner  ( t o  E = 2.01) 
MX-2600-96 (Fiber  ite) 
Si l i ca -pheno l i c  
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A f t  E x i t  Cone L i n e r  
v e r w r a p  
4KXD02 (Hexcel)  
Carbon duck p h e n o l i c  
4KXI)02 (Hexcel)  
(3)  Redesign and M o d i f i c a t i o n  of Nozzle No. 2 
No n o z z l e  a b l a t i v e  m a t e r i a l  performance d a t a  were 
obta$ned from t h e  f i r s t  test  because  of t h e  motor m a l f u n c t i o n  e a r l y  i n  t h e  
f i r i n g ,  
The f i r s t  n o z z l e  i n c o r p o r a t e d  t h e  m a t e r i a l s  t h a t  were 
of g r e a t e s t  i n t e r e s t  and t h e  d a t a  l o s s  r e p r e s e n t e d  a  se t -back  i n  a c h i e v i n g  t h e  
basic g o a l s .  S i n c e  t h e  a c q u i s i t i o n  of performance d a t a  on a s i l i c a  t h r o a t  and 
enizrance s e c t i o n  ( n o z z l e  No. 2)  was f o r  e x p e r i m e n t a l  purposes  ( n o t  d i r e c t l y  
a p p d i c a h l e  t o  a 260-FL d e s i g n ) ,  t h e  d e c i s i o n  was made t o  modify t h e  second 
T-ozzie t o  i n c o r p o r a t e  t h e  same m a t e r i a l s  i n  t h e  t h r o a t  and e n t r a n c e  s e c t i o n s  
as w e r e  used on t h e  f i r s t  n o z z l e .  The e x i t  cone of n o z z l e  No. 2  was n o t  a l t e r -  
e d ,  T h e r e f o r e ,  t h e  modi f i ed  n o z z l e  (PN 1149295-2, F i g u r e  9)  r e p r e s e n t e d  a com- 
bination of t h e  n o z z l e  No. 1 forward s e c t i o n  d e s i g n  ( i n c l u d i n g  t h r o a t )  and t h e  
~ o z z d e  No, 2  e x i t  cone. Materials a c t u a l l y  used  i n  t h e  modi f i ed  n o z z l e  s e c t i o n  
w e r e :  
Forward E n t r a n c e  S e c t i o n  ( t o  E = 1.67) 
A f t  En t rance  S e c t i o n  
MX-2600-96 ( F i b e r i t e )  
S i l i c a  p h e n o l i c  
MXSC-195 ( F i b e r i t e )  
Carbon-s i l i ca  p h e n o l i c  
4KXD02 (Hexcel) 
Canvas duck p h e n o l i c  
A b r i e f  d e s c r i p t i o n  of t h e  s e l e c t e d  i n s u l a t i o n  
materials and t h e i r  p r i o r  u s e  fo l lows :  
(a> Codeposi ted Carbon-S i l i ca  P h e n o l i c  
T h i s  m a t e r i a l ,  e x e m p l i f i e d  by WE-8251 
(Vestem Backing Company) was s e l e c t e d  f o r  u s e  i n  t h e  t h r o a t  i n s e r t ,  t h e  a f t  
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po r t ion  of t h e  en t r ance  s e c t i o n ,  and t h e  forward po r t ion  of t he  e x i t  section 
(nozz le  No. 1 ) .  The reinforcement  (Averam CIS)  was produced by the  AmerEcsn 
Viscose Corporation and conta ins  about  65% Si02 and 35% carbon. The material 
has  been used i n  nozz le  components f o r  two previous programs i n v e s t i g a t i n g  low 
cos t  Ma te r i a l s  t h a t  a r e  equiva len t  t o  t he  WB-8251 and  LC2535 
(Coast Manufacturing) and MXSC-195 ( F i b e r i t e  Corporat ion) .  The m a t e r i a l  c ~ s t  
i s  about  $15/ lb.  
(b Double-Thick S i l i c a  Phenolic  
This  type  of m a t e r i a l  is  exemplified by 
SP-8030-96 (Armour Coated Products ) .  I n  a d d i t i o n  t o  t he  low prepregnated cost, 
economy i s  achieved because t h e  double t a p e  th ickness  reduces wrapping time by 
about 50%. Mate r i a l s  t h a t  a r e  equiva len t  t o  t h e  SP-8030-96 a r e  MX-2400-96 
( F i b e r i t e ) ,  WB-2233-96 (Western Backing), and FM-5504-96 (U. S. Polymeric),  
The m a t e r i a l  c o s t  i s  about $5.50/lb.  
(c> Canvas Duck Phenolic  
A r e p r e s e n t a t i v e  of t h i s  type of material 
i s  KF-418 ( F i b e r i t e ) .  Equiva len t  grades a r e  4KXD02 (Coast Manufacturing) a~d. 
CA-2213 (Western Backing). The m a t e r i a l  performed w e l l  i n  both t h e  A i r  Force 
and NASA programs re ferenced  above. The m a t e r i a l  c o s t  i s  about $1.80/Lb, 
(dl  Croc ido l i t e  Asbestos Mat Phenolic  
Typica l  of t h i s  m a t e r i a l  is  MXA-6012 
( F i b e r i t e ) .  It a l s o  has a succes s fu l  record i n  t h e  two programs discussed pre -  
v ious ly .  The m a t e r i a l  i s  f e l t e d ,  which cures  t o  a lower dens i ty  (1,68 gr/ce) 
than the  commonly used c u r y s o t i l e  a sbes tos  grades (1.8 g r / c c ) .  An equivalent 
m a t e r i a l  i s  FM-5525 (U. S. Polymeric).  The c o s t  of t hese  m a t e r i a l s  i s  f rom 
$1.85 t o  $2.00/lb.  
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d. Design V e r i f i c a t i o n  and P e r f o m a n c e  P r e d i c t i o n  
(1) Heat  T r a n s f e r  A n a l y s i s  
I n  any n o z z l e  a n a l y s i s ,  t h e  Local  convec t ion  h e a t -  
t r ~ n s f e r  c o e f f i c i e n t s  a r e  e v a l u a t e d  independen t ly  and u t i l i z e d  a s  i n p u t  t o  t h e  
&arrTng- .abla t ion program. Theref o r e ,  t o  p r o v i d e  a  r e a l i s  t i c  b a s i s  f o r  a  
t h e r ~ a i  response  i n v e s t i g a t i o n ,  c e r t a i n  d a t a  on t h e  p r o p e r t i e s  of t h e  h e a t  
t r ~ m s f e r  media must b e  a v a i l a b l e .  Th i s  i n c l u d e s  t h e  exhaus t  g a s  composi t ion 
Ln any r e g i o n  of i n t e r e s t ,  the rmal  p r o p e r t i e s  ( s p e c i f i c  h e a t s ,  the rmal  conduc- 
tiv-ry), and t r a n s p o r t  p r o p e r t i e s  ( d i f f u s i o n  c o e f f i c i e n t s ,  v i s c o s i t y ) .  These 
data were e i t h e r  a v a i l a b l e  from p r e v i o u s l y  completed programs o r  were determined 
dur5ng the material c h a r a c t e r i z a t i o n  t a s k  conducted a t  B a t t e l l e  Memorial 
I n s  t i  c u t e ,  
The method of a n a l y s i s  f o r  t h e  a b l a t i o n  p r o c e s s ,  
evean *:bough t h e  mechanisms are ex t remely  complex, h a s  p rogressed  a s  a r e s u l t  
of e x t e n s i v e  developmemt e f f o r t s .  The b a s i c  t e c h n i q u e  used t o  e v a l u a t e  t h e  
the rmal  r e s p o n s e  of an  a b l a t i o n  m a t e r i a l  is t h e  '"Jidya" program. Th is  p a r t i c -  
clar 4rogra.m i s  a v a i l a b l e  t o  i n d u s t r y  c o n t r a c t o r s  and h a s  been wide ly  used f o r  
analyzing a b l a t i v e  components. A modi f i ed  v e r s i o n  i s  i n  u s e  a t  A e r o j e t .  
The p rocedure  used t o  p r e d i c t  a b l a t i v e  performance 
is  t o  f l r s t  e s t i m a t e  t h e  response  (chemica l  o r  mechanical )  o f  t h e  w a l l  m a t e r i a l  
t o  k'ia p r o p e l l a n t  and p y r o l y s i s  g a s e s  i n  t h e  boundary l a y e r .  
To p r e d i c t  t h e  chemical  r esponse  of carbon-based 
~ a l e r F a , ,  PJO s e p a r a t e  programs are a v a i l a b l e ,  The f i r s t  program, "'The 
T5e.rmo-Chemical E q u i l i b r i u m  Programs' (TEP) computes t h e  e ~ u i l i b r i u m  composi t ion 
af t h e  g a s  a d j a c e n t  t o  t h e  wall. It c o n s i d e r s  e i t h e r  (I) no r e a c t i o n  w i t h  t h e  
dalL m a t e r i a l ,  (2)  p y r o l y s i s  g a s  blowing w i t h  n o n r e a c t i n g  w a l l  m a t e r i a l s ,  o r  ( 3 )  
p y r g l y s i s  gas  blowing w i t h  a  r e a c t i n g  w a l l  m a t e r i a l ,  The second program per- 
foxffis e s s e n t i a l l y  t h e  same c a l c u l a t i o n ;  however, i n s t e a d  of t h e  e q u i l i b r i u m  
assum?tion, t h r e e  s e p a r a t e  r e a c t i o n s  w i t h  carbon a r e  considered with each reac-  
t i 0 2  4efng k i n e t i c a l l y  c o n t r o l l e d .  
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The two methods p r e d i c t  widely d i f f e r e n t  m a t e r i a l  
l o s s  r a t e s .  Recognition of which i s  t h e  c o n t r o l l i n g  process  can be made o n l y  
by comparison of bo th  t o  observed da t a  i n  cu r r en t  a p p l i c a t i o n s .  
I n  a d d i t i o n  t o  t h e  chemical a t t a c k  on carbon-based 
m a t e r i a l s ,  va r ious  o t h e r  modes of s u r f a c e  l o s s  occur  f o r  t h e  o t h e r  low-cost 
a b l a t i v e  systems ( i . e . ,  s i l i ca-carbon,  s i l i c a ,  canvas duck). These i nc lude  (1) 
e ros ion  from p res su re  and shea r  f o r c e s  a c t i n g  i n  t h e  low dens i ty  char Layer ,  
( 2 )  s t r u c t u r a l  f a i l u r e  of t h e  char  a s  t h e  r e s u l t  of thermal s t r e s s e s ,  ( 3 )  
s p a l l a t i o n  r e s u l t i n g  from p res su re  bui ldup wi th in  t h e  decomposition zone, ( 4 )  
combinations of chemical and mechanical modes a c t i n g  on t h e  exposed su r f ace  
( i . e . ,  p a r t i c l e  impacts) .  
To accu ra t e ly  ana lyze  and eva lua t e  each material 
removal mode would be a formidable task .  This  i s  s o  because a d e t a i l e d  know- 
ledge of t h e  m a t e r i a l ' s  k i n e t i c  behavior  i s  r equ i r ed  t o  formulate  a node l  that 
would c l a r i f y  t h e  a b l a t i o n  process  s u f f i c i e n t l y .  I n  l i e u  of what could Se 
termed a r i go rous  model f o r  s u r f a c e  r eg re s s ion ,  a p rov i s iona l  model i s  u s e d ,  
This  model cons iders  ( I )  a l l  energy t r a n s p o r t  processes  t h a t  occur i n  "be 
v i r g i n ,  decomposition, and char  zones, (2) a b a s i s  f o r  t h e  p red ic t ion  of char 
r a t e s ,  e ros ion  r a t e ,  and t r a n s i e n t  temperature d i s t r i b u t i o n s ,  and (3) a :reas- 
ment of t h e  s u r f a c e  r eg re s s ion  by combining a l l  modes of removal intcl  an 
" e f f e c t i v e  removal r a t e ,  "wh ich  w i l l  be  obtained from a c t u a l  motor firings . 
The u s e  of t h e  s i m p l i f i e d  model is  e a s i l y  acccmp- 
l i s h e d  s i n c e  t h e  b a s i c  program assumes t h a t  t he  s u r f a c e  m a t e r i a l  is rerroved 
s o l e l y  by chemical r e a c t i o n  cha rac t e r i zed  by a d i f f u s i o n  l i m i t e d  process ,  The 
mass t r a n s f e r  i s  then ca l cu la t ed  assuming a u n i t y  mixture Lewis number, thereby 
making the  mass t r a n s f e r  and convect ive hea t - t r ans fe r  c o e f f i c i e n t s  exac t ly  
equal .  The r e s u l t i n g  e ros ion  r a t e  then  becomes p ropor t iona l  t o  t he  magnitude 
of t h e  l o c a l  h e a t - t r a n s f e r  c o e f f i c i e n t  wi th  blowing f o r  a p a r t i c u l a r  b lowing 
gas r a t e .  
The s u r f a c e  equi l ibr ium d a t a  r ep re sen t  input tc the 
char r ing  m a t e r i a l  a b l a t i o n  program, which desc r ibes  t h e  t r a n s i e n t  respanse of a 
composite m a t e r i a l  t h a t  r e a c t s  a t  t he  s u r f a c e  and decomposes in depth.  
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I n  a d d i t i o n  t o  t h e  k i n e t i c  c o n s t a n t s ,  i t  is  n e c e s s a r y  
to u r a v i d e  t h e  (1) the rmal  c o n d u c t i v i t y ,  (2) s p e c i f i c  h e a t ,  and (3) v i r g i n  and 
char d e n s i t i e s  of each m a t e r i a l  b e i n g  e v a l u a t e d  i n  o r d e r  t o  s o l v e  t h e  t r a n s i e n t -  
conduction e q u a t i o n .  
Output  of t h e  computer a n a l y s i s  p r o v i d e s  a b l a t i v e -  
mai-erial performance i n  terms of e r o s i o n  dep th ,  char  d e p t h ,  p y r o l y s i s  g a s  r a t e ,  
i nee rnab  t empera tu re  d i s t r i b u t i o n ,  and l o c a l  d e n s i t y  d i s t r i b u t i o n  over  any 
d e s i r e d  t ime i n t e r v a l .  
(2) P r e d i c t e d  Data From t h e  A n a l y t i c a l  Model 
The p r e l i m i n a r y  n o z z l e  d e s i g n s  were s u b j e c t e d  t o  a 
bou-n?ary l a y e r  a n a l y s i s  t o  p r e d i c t  t h e  l o c a l  h e a t  t r a n s f e r  r a t e s ,  These r e s u l t s  
are p r e s e n t e d  i n  Tab le  11 t o g e t h e r  w i t h  t h e  i n p u t  d a t a ,  namely, n o z z l e  con tour  
and surface Mach number. It i s  n o t e d  t h a t  t h e  i n l e t  geometry of t h e  n o z z l e  
6esEgn i s  such t h a t  t h e  f low i s  f o r c e d  t o  tu rn  s h a r p l y  i n  t h e  t h r o a t  approach,  
r e s ~ l i r i n g  i n  a  t r a n s i t i o n  t o  s u p e r s o n i c  f low w e l l  upst ream of t h e  geomet r ic  
throat, The s o n i c  p o i n t ,  which roughly c o i n c i d e s  w i t h  t h e  peak h e a t  t r a n s f e r  
c o e f f , c i e n t ,  occurs  a t  an upst ream r a d i u s  of 6 . 6 1  i n .  ( l 6 , 8  em) ( a r e a  r a t i o  
~1,335), A t  t h e  geomet r ic  t h r o a t ,  t h e  l o c a l  Mach number i s  n o t e d  t o  be 1 - 2 8 .  
This Elow f i e l d  r e s u l t s  i n  t h e  l o c a t i o n  of t h e  peak h e a t - t r a n s f e r  c o e f f i c i e n t  
(also e r o s i o n )  t o  occur  a t  an  a r e a  r a t i o  of 1 .07 .  
The t h r e e  p r i n c i p a l  n o z z l e  d e s i g n s  t h a t  were con- 
s t d e r e d  f o r  test and e v a l u a t i o n  were ana lyzed  u s i n g  t h e  c h a r r i n g - a b l a t o r  program. 
r- 
- b e r e f o r e ,  p r e d i c t e d  performance d a t a  were o b t a i n e d  on n o z z l e s  hav ing  carbon- 
silica, s l l i c a ,  and carbon-phenol ic  t h r o a t s .  T a b u l a t i o n s  of t h e  expec ted  
e r o s i o n  and char  dep th  and t h e  l o c a t i o n  of t h e  100°F ( 3 1 2 ' ~ )  thermal  g r a d i e n t  
a t  s e v e r a l  s t a t i o n s  a r e  p r e s e n t e d  i n  Tab les  12 ,  13 ,  and 14 f o r  t h e s e  t h r e e  
nozzle d e s i g n s .  A p l o t  of t h e s e  pa ramete rs  v s  t ime a t  t h e  t h r o a t  s e c t i o n  i s  
 show^ for each  n o z z l e  i n  F i g u r e s  10 ,  11, and 42, For t h e  carbo?-s5-lica t h r o a t ,  
a n  e r o s i o n  r a t e  of  1 2 . 9  m i l s / s e c  (0.033 cm/sec> i s  p r e d i c t e d  t o  occur  dur ing  
web-time, w i t h  a  t o t a l  s u r f a c e  l o s s  of 0.586 i n .  (1.49 cm) 2urin.g t h e  firing. 
-7 il-iJs cornpares t o  t h e  more s e v e r e  r a t e  of 18.5 m i l s / s e c  (0.047 crn/secj expec ted  
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a t  t h e  s i l i c a  t h r o a t  and a 4.0 mi l s / s ec  (0.010 cm/sec) l o s s  r a t e  pred ic ted  f o r  
t he  carbon-phenolic t h r o a t .  
The thermal response d a t a  summarized i n  Tables 1 2  
and 13  were p l o t t e d  on c ros s - sec t iona l  drawings of nozz les  No. I and 2 ,  &nd the 
e ros ion ,  char ,  and 100°F (312°K) isotherm p r o f i l e s  were cons t ruc ted ,  F i g a r e  i3A 
is  t h e  r e s u l t  of t h i s  procedure and d e p i c t s  t he  expected nozz le  performance, 
Since the  a c t u a l  nozz le  t e s t e d  on t h e  second motor was a combination of the two 
des igns ,  i t s  performance p r o f i l e  was p red ic t ed  t o  be a s  shown i n  Figure 135, 
On t h e  b a s i s  of t h e  expected e ros ion  and char psne- 
t r a t i o n ,  t h e  minimum s a f e t y  f a c t o r  i n  t h e  No. 1 nozzle  s e c t i o n  was I,59, l oca t ed  
a t  t he  a f t  j o i n t  of t he  t h r o a t  i n s e r t ;  t he  minimum s a f e t y  f a c t o r  on the c x i t  
cone was 1.30, l oca t ed  j u s t  a f t  of t he  t r a n s i t i o n  t o  t h e  canvas duck phenol ic ,  
A s  may be seen i n  F igure  13A9 i n  no case  does t h e  100°F (312°K) i s o t h e r m  extend 
i n t o  t h e  overwrap, thus  s a t i s f y i n g  one of t h e  major design c r i t e r i a ,  
F igure  13A a l s o  shows the  more marginal  pe r fo , .  -rmance 
of t h e  No. 2 nozz le  (a l l -whi te )  design.  A s a f e t y  f a c t o r  of only 4.11 exis:s st 
t he  t h roa t - ex i t  cone i n t e r f a c e ,  a s  compared t o  1.59 a t  t h e  same l o c a t i o n  i n  t he  
carbon-s i l ica  t h r o a t ,  and t h e  overwrap would be expected t o  experience tenper- 
a t u r e s  i n  excess  of 100°F (312°K) a t  t h i s  l o c a t i o n .  However, t h i s  l i n e  repre- 
s e n t s  t he  condi t ion  expected a t  T + 60 s e c ,  o r  w e l l  a f t e r  web burnout ,  There- 
f o r e ,  t h i s  design was considered acceptab le  from an a b l a t o r  performance s tend-  
po in t .  Because of t he  m a t e r i a l  s u b s t i t u t i o n  t h a t  was subsequent ly incerpora ted  
i n t o  t h i s  des ign ,  no assessment of t he  v a l i d i t y  of t h e  p r e d i c t i o n  w a s  possible 
except  i n  t h e  e x i t  cone a rea .  
(3) S t r e s s  Analysis  
Extensive use  was made of t h e  Aeroje t  f i n i t e  element 
computer r o u t i n e  No. E11405. The f i n i t e  element technique so lves  the d i f f e r -  
e n t i a l  equat ions  governing the  s t r e s s - s t r a i n  r e l a t i o n s h i p s  of an a ~ ~ s y n m e t r i c a l  
s t r u c t u r e  of a r b i t r a r y  shape when sub jec t ed  t o  thermal and mechanical l oads ,  
The f i n i t e  element approach r ep laces  t h e  continuous s t r u c t u r e  wi th  a systeT of 
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e l a s t i c  q u a d r i l a t e r a l  r i n g s  (e lements)  i n t e r c o n n e c t e d  a t  a  f i n i t e  number of 
zodal p o i n t s  ( j o i n t s ) .  E q u i l i b r i u m  e q u a t i o n s ,  i n  teams of unknown n o d a l  p o i n t  
c!isplacernents, a r e  developed a t  each n o d a l  p o i n t  w i t h  t h e  s o l u t d o n  of t h e s e  
eqwattons be ing  t h e  s o l u t i o n  of t h e  system. Displacements ,  l o a d s ,  o r  s t r e s s e s  
t o  xh jch  t h e  s t r u c t u r e  is  s u b j e c t e d  a r e  r e p l a c e d  by e q u i v a l e n t  v a l u e s  a c t i n g  a t  
the n o d a l  p o i n t s  of t h e  f i n i t e  e lement  sys tem,  S i n c e  each e lement  may have 
separate mechanical  p r o p e r t i e s  and l o a d i n g ,  composite o r  a n i s o t r o p i c  s t r u c t u r e s  
of a r b i t r a r y  geometry can b e  e v a l u a t e d .  The e f f e c t s  of f i n i t e  l e n g t h ,  curved 
b o u n d a r i e s ,  v a r i a b l e  end c o n d i t i o n s ,  l i n e a r  and n o n l i n e a r  v a r i a t i o n  of modulus 
of  e l a s t i c L t y ,  and c o e f f i c i e n t s  of the rmal  expansion w i t h  t empera tu re  can b e  
c o m p i e t e l y  accounted f o r  i n  t h e  s o l u t i o n .  
The E l l405  program a l l o w s  t h e  u s e  of complete an i so-  
eropic (hoop, m e r i d i o n a l ,  and r a d i a l )  material p r o p e r t i e s .  The e f f e c t s  of 
ab la t ton  can b e  cons idered  by degrad ing  t h e  m a t e r i a l  p r o p e r t i e s  above t h e  
ablation t empera tu re  ( a s  used i n  t h i s  a n a l y s i s ) ,  o r  by u s i n g  t h e  a b l a t e d  geom- 
etry a t  the i n s t a n t  c o n s i d e r e d  i n  t h e  a n a l y s i s .  
Analyses  were conducted f o r  b o t h  t h e  n o z z l e  No. 1 
rJr_a.rSon-silica t h r o a t )  and n o z z l e  No. 2 ( s i l i c a  t h r o a t )  d e s i g n s .  The a b l a t o r  
i r s ~ e r - s u r f a c e  c o n f i g u r a t i o n  and i n t e r n a l  the rmal  g r a d i e n t  e x i s t i n g  a t  T  i 40.5 
sec ,  as determined by t h e  h e a t - t r a n s E e r  a n a l y s i s ,  was used i n  c o n j u n c t i o n  w i t h  
3 
n o z z l e  p r e s s u r e  l o a d s  a t  a  chamber p r e s s u r e  of 600 p s i a  (413 N/cm') a s  t h e  i n p u t  
conditions caus ing  m a t e r i a l  s t r e s s  o r  s t r a i n .  The v a l i d i t y  of t h e  a n a l y s i s  was 
compromised s l i g h t l y  by a  l a c k  of adequa te  p h y s i c a l  p r o p e r t i e s  d a t a  on t h e  
c a r b o n - s i l i c a  p h e n o l i c  c h a r  a t  e l e v a t e d  t empera tu re .  C h a r a c t e r i z a t i o n  of t h i s  
material o y  B a t t e l l e  was n o t  time-phased t o  be of u s e  i n  t h e  d e s i g n  v e r i f i c a t i o n  
a n a l y s e s ,  t h e r e f o r e ,  a v a i l a b l e  d a t a  were e x t r a p o l a t e d  t o  t h e  t empera tu re  l e v e l s  
existPng w i t h i n  t h e  p a r t .  
The r e s u l t s  of t h e  a n a l y s e s ,  a s  summarized i n  Table  
15 ( n o z z l e  N o .  1) and Table  16 ( n o z z l e  No. 2) v e r i f i e d  t h a t  b o t h  n o z z l e  d e s i g n s  
were s t r u c t u r a l l y  sound. The hoop s t r a i n  i n  a l l  a b l a t i v e  l i n e r s  was determined 
to b e  below 0.25%, t h e  normal maximum a l l o w a b l e  v a l u e  f o r  p l a s t i c  p a r t s .  
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The th ickness  of t h e  a b l a t i v e  p a r t s  is  usually 
determined by t h e  expected h e a t  t r a n s f e r  and r eg res s ion  r a t e s ,  and not by 
s t r u c t u r a l  cons idera t ions .  For t h i s  reason,  s t r u c t u r a l  s a f e t y  margins o f t e n  
e x i s t  t h a t  a r e  h ighe r  than would be  necessary  t o  s a t i s f y  t h e  s t r u c t u r a l  require- 
ments only.  This  condi t ion  i s  ev ident  on both nozz les ,  where, on mosz componeDts, 
s a f e t y  f a c t o r s  exceed t h e  maximum d e s i r e d  va lues  s t a t e d  i n  t h e  con t r ac t  ;~nrork 
s ta tement .  With t h e  approval  of t he  NASA-LeRC Program Manager, no attempt was 
made t o  opt imize the  design of t h e  nozz les  t o  a t t a i n  lower "f l ight-weight"  
margins. 
3. Motor Processing 
a .  Chamber P repa ra t ion  
The two Algol  I I B  motor chambers were prepared for appii- 
c a t i o n  of t he  t rowelable  i n s u l a t i o n  system i n  a s i m i l a r  manner, wi th  one 
except ion.  Motor No. 1, h e r e a f t e r  r e f e r r e d  t o  a s  LCAN-01, u t i l i z e d  a new 
chamber manufactured by t h e  same s u p p l i e r  and from t h e  same product ion run as 
t h e  cu r r en t  Algol  I I B  motor con t r ac t .  Motor No. 2 (LCAN-02) used a case  hat 
was Government fu rn i shed  as a su rp lus ,  loaded Algol motor. Therefore,  t h e  
e x i s t i n g  p r o p e l l a n t  and i n s u l a t i o n  had t o  be removed from t h i s  motor as the 
f i r s t  s t e p  i n  t he  p r e i n s u l a t i o n  procedure. When t h i s  had been completed 
(us ing  a high p re s su re  water  j e t )  both chambers were sub jec t ed  t o  the  follow- 
i ng  sequence of opera t ions :  
(1) The i n t e r i o r  s u r f a c e s  were so lven t  wiped. 
(2) These same s u r f a c e s  were l i g h t l y  g r i t - b l a s t e d  and 
again  so lven t  wiped. 
(3)  An epoxy-resin cor ros ion- inhib i t ing  primer (Fuller 
162-Y-22) w a s  appl ied  by brushing.  
(4) The primer was cured a t  ambient temperature,  a-zd the 
chamber openings sea l ed .  
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b  . Chamber I n s u l a t i o n  P r o c e s s i n g  
The o v e r a l l  p lanned sequence of o p e r a t i o n s  f o r  i n s t a l l -  
i n g  TRT-100 and IBT-106 m a t e r i a l s  was as f o l l o w s :  
- Design,  f a b r i c a t e ,  and check-out p r o c e s s  equipment 
- G r i t - b l a s t ,  c l e a n ,  and prime Algo l  chamber 
- I n s t a l l  and c u r e  forward dome i n s u l a t i o n  
- I n s t a l l  and c u r e  s i d e w a l l  i n s u l a t i o n  
- I n s t a l l  and c u r e  a f t  dome i n s u l a t i o n  
- I n s t a l l  and c u r e  forward and a f t  b o o t s .  
(1) P r o c e s s  Equipment 
Four major i t ems  of p r o c e s s  t o o l i n g  o r  shop a i d s  
w e r e  r e q ~ u i r e d ;  t h e  d e s i g n  concep t s  f o r  t h e s e  i t e m s  were d e r i v e d  from t h e  work 
accomplished under  Cont rac t  NAS3-11224. The p r o c e s s  equipment used i s  i d e n t i -  
fFed  b e l o w :  
Descr i7k ion  
---- 
T Q O ~ / I . D .  N O .  
S i d e ~ , ~ a i l  Dispenser  T-1023503 
Fkd Dome Sweep Template it 
A E t  'lome Sweep Template ;"e 
A f t  Step-Joint Mold JC 
C o n f i g u r a t i o n  
Shown i n  
F i g u r e  1 4  
F i g u r e  1 5  
F i g u r e  1 6  
The s i d e w a l l  d i s p e n s e r  ( F i g u r e  14) c o n s i s t s  of a  
3 2 5-gal. (0*019 m ) Binks p r e s s u r e  p o t  (150 p s i g )  (103.4 N/cm ) mounted on a  b a s e  
plate equipped w i t h  s w i v e l  c a s t e r s .  The c a s t e r s  can be a d j u s t e d  and locked i n  
tx:, nosi"_ons:  (1) f o r  movement i n t o  and ou t  of t h e  chamber, and ( 2 )  f o r  d i s -  
peris i n g  n a t e r i a l  when t h e  chamber i s  r o t a t e d .  A 5-degree (0 sad) cas te r  
- 
*These items were d e f i n e d  a s  expendable  shop-a ids ,  t h e r e f o r e  a tooling 
a c c o u - t a k i l i t y  number was n o t  r e q u i r e d .  
I 1 I . B .  Task I - Nozzle and Test-Motor Design, Analys is ,  and Fabrica.t ion (cont) 
d e f l e c t i o n  was incorpora ted  i n  t h e  d ispenser  t o  provide a  10.5-in. (26,7 rrv) 
l a t e r a l  movement of t he  d ispenser  f o r  each r o t a t i o n  of t h e  case ,  A s  shotlm in 
Figure  17, t he  10.5-in. (26.7 cm) l a t e r a l  movement f o r  each r o t a t i o n  ~roduced 
a continuous s p i r a l  a p p l i c a t i o n ,  wi th  t h e  r equ i r ed  1.0 - + 0.5-in. (2,54 - + 1 - 2 7  
cm) over lap  between ad jacent  s p i r a l  passes .  
Flow i n t o  t h e  t rowel  from the  bottom drawoff of  the 
Binks pot  was con t ro l l ed  by a  "speed-ball" r o t a r y  va lve .  I n  t he  " ' o f f ' ~ p o s i t i s ~ ~ ,  
t he  handle was r o t a t e d  so  t h a t  t h e  s l o t s  i n  t he  tube were misaligned w i t h  the 
housing i n l e t  and t rowel  o u t l e t .  Flow c o n t r o l  was poss ib l e  a l s o  by adjusting 
t h e  pot  p re s su re  through a r e g u l a t o r  i n s t a l l e d  on t h e  GN p re s su re  l i n e ,  2 
The forward and a f t  dome sweep template  csaf igura-  
t i o n s  a r e  shown i n  Figures  15 and 16 ,  r e spec t ive ly .  The t rowel  p o r t i o ~  of each 
template  w a s  ad jus t ab le ,  so  t h a t  t h e  s tandoff  d i s t a n c e  between t h e  chamber and 
the  t rowel  could be changed. Af t e r  t he  forward and a f t  dome i n s u l a t i o n  aas 
i n s t a l l e d  and cured, t h e  s tandoff  d i s t a n c e  between t h e  i n s u l a t i o n  and trowel 
was ad jus t ed  t o  0.25 i n .  (0.64 cm) f o r  propel lant-boot  a p p l i c a t i o n ,  A 
mahogany mold, a l s o  shown i n  Figure 16, was machined t o  t h e  requi red  a f t  s-ep- 
j o i n t  conf igura t ion  and mounted t o  t he  a f t  f l ange .  The s idewa l l  d i spenser  
drawoff conf igura t ion  was modified t o  inc lude  a  4.6 f t  (1.17 m) f l e x i b l e  'hose 
and shutof f  va lve  f o r  dispensing m a t e r i a l  onto the  forward dome. Materizl for 
t h e  af  t dome was dispensed d i r e c t l y  from t h e  300-gal (1.14 m3) mix bowl, 
Processing opera t ions  were accomplished i2 BuTLding 
006, Line 1. This a r e a  was t h e  Algol  I I B  motor product ion f a c i l i t y  and included 
a top-loading, h o r i z o n t a l  oven wi th  turn ing  r o l l e r s .  
(2) Motor LCAN-01 I n s u l a t i o n  Processing 
I n s u l a t i o n  of t he  f i r s t  Algol chamber (SN 2 7 )  was 
begun on 11 September 1969. The primed chamber was i n s t a l l e d  on turning 
r o l l e r s  t h a t  had been modified t o  permit  a  minimum r o t a t i o n  of 112 rpn,  T-e 
forward dome sweep template  was i n s t a l l e d  and ad jus t ed  t o  g ive  the  desired 
stand-off  d i s t a n c e  between the  trowel edge and the  dome. The measured m - : m i m u ~  
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s t a s d - o f f  d i s t a n c e s  were 0.40 i n .  (1.02 cm3 a t  t h e  i g n i t e r  b o s s  and dome mid- 
poirt, and 0.20 i n .  (0 .51  cm) a t  t h e  s i d e w a l l  t a n g e n t .  
IBT-106 i n s u l a t i o n  was t r a n s f e r r e d  from t h e  mixing 
3 bowl t o  the s m a l l ,  mobi le  5 -ga l lon  (0.019 m ) d i s p e n s e r ,  moved i n t o  t h e  chamber, 
znd troweled onto  t h e  forward dome. When t h e  i n s u l a t i o n  con tour  matched t h a t  of 
the t e m p l a t e ,  t h e  t r o w e l  was removed and t h e  s u r f a c e  was solvent-wiped t o  p rov ide  
a sirleoth s u r f a c e .  A t o t a l  of 43 l b  (19.5 kg) of m a t e r i a l  was i n s t a l l e d  i n  t h e  
f o n r a r d  dome. 
During a s p e c i a l  IBT-106 s i d e w a l l  d i s p e n s e r  dry-run 
en s. 54- in , -d ia  (1.37 m) chamber*, i t  was determined t h a t  a 0.30 i n .  (0.76 cm) 
t r o w e l  s t a n d o f f  s e t t i n g  was n e c e s s a r y  t o  a c h i e v e  t h e  r e q u i r e d  0.20 i n .  ( 0 . 5 1  cm) 
Lns t i l a t ion  t h i c k n e s s .  
A mobi le  d i s p e n s e r ,  loaded  w i t h  IBT-106, was moved 
into ehe chamber s o  t h a t  t h e  edge of t h e  t r o w e l  assembly was approximately  
2% ic, (30.5 cm) a f t  of t h e  fo rward  t a n g e n t .  The c a s t e r s  were  locked i n  t h e  
5 degree (Q.017 r a d )  s p i r a l  a t t i t u d e ,  and t h e  p o t  was p r e s s u r i z e d  t o  40 p s i g  
2 (27-6 N f c m  ). As t h e  v a l v e  was opened, chamber r o t a t i o n  ( 1 / 2  rpm) was s t a r t e d  
and n a t e r i a l  a p p l i c a t i o n  began. A t o t a l  of 395 l b  (179 Kg) of IBT-106 was 
a p p l i e d  t o  t h e  s i d e w a l l .  
Following t h e  s i d e w a l l  o p e r a t i o n s ,  IBT-100 was 
a p p l j e d  tc t h e  a f t  dome i n t e r i o r .  As shown i n  F i g u r e  16 ,  t h e  s t e p - j o i n t  
contour  was c o n t r o l l e d  by a wooden mold mounted t o  t h e  a f t  f l a n g e .  D i f f i c u l t y  
was eqcountexed i n  t r o w e l i n g  t h e  IBT-100 i n t o  t h e  narrow a r e a  a d j a c e n t  t o  t h e  
flange (shown as t h e  shaded a r e a  i n  F i g u r e  18A). V i s u a l  i n s p e c t i o n  a f t e r  c u r e  
and mold removal r e v e a l e d  s e v e r a l  v o i d s  and deformat ions ;  t h e s e  were s u r f a c e  
d e f e c s s ,  however, and d i d  n o t  e x t e n d  i n t o  t h e  m a t e r i a l  beyond t h e  shaded a r e a .  
The d e f e c t i v e  a r e a s  were trimmed o u t  and f r e s h  IBT-100 was a p p l i e d .  Then t h e  
mold was r e i n s t a l l e d ,  e x t r u d i n g  excess  r e p a i r  m a t e r i a l  from between t h e  mold 
*This chamber p r e v i o u s l y  used f o r  Task II, Process  E v a l u a t i o n ,  
Ccritrac; NAS3-11224. 
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and cured i n s u l a t i o n .  This  r e p a i r  method was e f f e c t i v e  i n  producing a scund,  
de fec t - f r ee  j o i n t .  For t h e  second motor, IBT-100 w a s  troweled on the aft 
f l a n g e  a s  shown i n  Figure 18B t o  a  th ickness  g r e a t e r  than requi red  t o  fF7l t he  
a r e a  ad j acen t  t o  t h e  f lange .  Then, a s  shown i n  F igure  186, t he  woodm m c i c  
was i n s t a l l e d ,  ex t ruding  excess  m a t e r i a l  onto t h e  a f t  dome. 
Forward and a f t  propel lant-boot  i n s t a l l a t i o n  was 
accomplished a s  planned. IBT-106 was appl ied  over t h e  cured i n s u l a t i o n  scr- 
f a c e  a f t e r  a p p l i c a t i o n  of DC-Q92, a  s i l i c o n e  -based r e l e a s e  agent .  The sweep 
templates  were used t o  ob ta in  t h e  r equ i r ed  th ickness .  A f t e r  cure ,  the boots 
were manually pu l l ed  away from t h e  r e l ea sed  i n s u l a t i o n  su r f ace .  The b o o t s  
r e t a i n e d  t h e i r  p o s i t i o n  without  a p p l i c a t i o n  of e x t e r n a l  fo rce .  
The fol lowing s i g n i f i c a n t  problem a reas  were en- 
countered during t h e  i n s u l a t i o n  process:  
(a )  Good th ickness  c o n t r o l  was obtained on the  
forward dome, except  a t  t h e  chamber tangent  p o i n t  where a  r i dge  build-up 
occurred.  The r i d g e  was removed by hand trimming a f t e r  cure .  I n  Motor 
LCAN-02, t he  r idge  was smoothed o f f  wi th  a  s p a t u l a  p r i o r  t o  cure ,  
(b) The template  contour d id  no t  exac t ly  rna fc~  t h a t  
of t h e  forward dome, and t h e r e  was i n s u f f i c i e n t  h o r i z o n t a l  adjustment capabil- 
i t y .  These d e f i c i e n c i e s  were co r r ec t ed  p r i o r  t o  boot  i n s t a l l a t i o n .  
(c )  Poor th ickness  con t ro l  was experienced i n i r i a l l y  
during s idewa l l  a p p l i c a t i o n  wi th  measured th icknesses  ranging from 0-2 t c  C-5 i n  
(0.53 t o  1.27 cm). Sl ippage between t h e  motor handl ing r i n g s  and the tu rn ing  
r o l l e r  su r f aces  a t  l / 2  rpm r e s u l t e d  i n  a corrugated s u r f a c e  e f f e c t .  There was 
no apparent  method of co r r ec t ing  t h i s  s i t u a t i o n .  
(d) An excess ive  build-up of m a t e r i a l  between s p i r a l  
passes  was experienced. This  condi t ion  was caused by overflow around elte zdgc 
of t h e  t rowel .  Extensive e f f o r t  was expended i n  trimming away these  ridges 5.1 
Motor LCAN-01. To prevent  overflow and excess ive  r i d g e  build-up i n  ehe secon? 
motor, a  p l a t e  was welded t o  t h e  end of t h e  t rowel .  
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( e )  During i n i t i a l  o p e r a t i o n  of t h e  s i d e w a l l  d i s -  
penser, the t r o w e l ,  v a l v e ,  and hous ing  s e c t i o n  tended t o  r o t a t e  and f l o a t  a s  
a result of drag  caused by m a t e r i a l  build-up i n  t h e  t r o w e l ,  T h i s  problem was 
solved by i n c o r p o r a t i n g  a U-clamp b r a c e  between t h e  v a l v e  housing and t h e  p o t  
? l a t f o r m ,  
( f )  By f a r  t h e  most s i g n i f i c a n t  problem was a i r  
eatra?ment i n  t h e  s i d e w a l l  i n s u l a t i o n  caused by GN p r e s s u r i z a t i o n  g a s  l eakage  2  
past the diaphragm, o r  by GN2 blow-through when t h e  d i s p e n s e r  w a s  emptied o r  
wzen the diaphragm became m i s a l i g n e d ,  A s  shown i n  F i g u r e  14 ,  t h r e e  gu ides  
idere s o l t e d  t o  t h e  diaphragm t o  reduce  i n s t a n c e s  of misal ignment .  Because of 
:he s.rall d i spenser -po t  c a p a c i t y ,  40 l b  ((18-2 k g ) ,  t h e  f r e q u e n t  r e f i l l s  
r e s u l t e d  i n  s i g n i f i c a n t  a i r  entrapment  m d  even though t h e  o p e r a t o r  t r i e d  t o  
a n t i c i p a t e  d i s p e n s e r  d e p l e t i o n ,  blow-through was encounte red  f r e q u e n t l y .  
The forward and a f t  s e c t i o n s  of t h e  i n s u l a t e d  
xotor were i n s p e c t e d  by t a n g e n t i a l  r ad iography  every  60 degrees  (1.05 rad)  
a-rould the circumference.  Two t h i n  a r e a s  of 0.25 in, (0 ,635 cm) each and 
approx imate ly  8 i n .  (20.8 cm) i n  d i a m e t e r ,  were d e t e c t e d  i n  t h e  s i d e w a l l  
adjacent t o  t h e  forward and a f t  p r o p e l l a n t  b o o t s -  The forward i n s u l a t i o n  
contained a few s m a l l ,  f l a t t e n e d  v o i d s ,  randomly s c a t t e r e d  through t h e  mater-  
Lal, These d e f e c t s  were g e n e r a l l y  from 0,25 t o  0.50 i n .  (0.435 t o  1 .27 cm) 
long 2nd l e s s  t h a n  0.02 i n .  (0 .51  cm) t h i c k ,  and were  caused by m a t e r i a l  over-  
lappirg d u r i n g  t h e  t r o w e l i n g  p r o c e s s .  S i n c e  t h e s e  d e f e c t s  were  b u r i e d  i n  t h e  
- llLc;tterla?r ,- and were  few i n  number, they  p r e s e n t e d  no hazard  t o  i n s u l a t i o n  per-  
.foma:?ce and no r e p a i r  e f f o r t  was a t t e m p t e d -  The forward v i s u a l  i n s p e c t i o n  
(confrmed l a t e r  by X-ray) r e v e a l e d  one t h i n  a r e a  approximately  6 i n .  (15.2 cm) 
--I ?iaxeter i n  Ehe a f t  b o o t  a d j a c e n t  t o  t h e  s t e p - j o i n t ,  There  were  no back- 
s i d e  c e f e c t s .  A 2  i n .  (5.04 cm) d iamete r  t h i n  a r e a  was found i n  t h e  forward 
Soot, and t h e r e  was a l s o  a  back-s ide  d e f e c t  a s s o c i a t e d  w i t h  t h i s  t h i n  a r e a .  
Both ef t h e s e  d e f e c t s  were  r e p a i r e d  w i t h  f r e s h  PBT-104. 
S e v e r a l  v o i d s  t o  0 - 5  i n .  ( 1 . 2 7  cm) i n  d i a  were 
detected! i n  t h e  a f t  dome i n s u l a t i o n ,  g e n e r a l l y  i n  a r e a s  adjacenf:  t o  t h e  dome 
1 .  some a i r  ent rapment  o c c u r r e d  when t h e  i n i t i a l  l a y e r  of 
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IBT-100 was appl ied .  A s  was d iscussed  previous ly ,  i t  was d i f f i c u l t  t o  troweE 
IBT-100 i n t o  t h e  narrow a r e a  ad jacent  t o  t h e  a f t  f l ange .  The e f f o r t  reqairnd 
t o  move m a t e r i a l  i n t o  t he  j o i n t  a r e a  may have l e d  t o  a i r  entrapment i n  the af: 
dome. The d e f e c t s  were loca t ed  i n  a  n o n c r i t i c a l  a r e a  where t h e  m a t e r i a l  riaick- 
ness  needed t o  provide a  smooth contour f a r  exceeded t h e  performance thickmess 
requirements.  Thus, no r e p a i r  e f f o r t  was necessary.  
A 100% u l t r a s o n i c  i n spec t ion  of t he  case side- 
wal l  i n s u l a t i o n  system was performed. For t h e  most p a r t ,  t he  de fec t s  noted 
turned ou t  t o  be sma l l  vo ids ,  l e s s  than 0.50 i n .  (1.27 cm) i n  diameter and 
near  t he  case bond l i n e .  The d e f e c t s  were caused p r imar i ly  by GN leakage 2 
p a s t  the  d ispenser  diaphragm o r  by blow-through when t h e  d ispenser  was en?ty,  
A l l  t h e  foregoing d e f e c t s  and t h i n  a r e a s  were trimmed out  and r epa i r ed  with 
f r e s h  IBT-106. 
A f t e r  cur ing  of t he  r epa i r ed  a r e a s ,  the f3max-d 
V-44 s l eeve  and f i b e r g l a s s  af t -boot  ex tens ion  were i n s t a l l e d ,  t h e  i n t e r i o r  sur- 
f a c e  was cleaned,  and p r e c a s t  opera t ions  were i n i t i a t e d .  A t o t a l  of 7 7 k  Lb 
(351 kg) of i n s u l a t i o n ,  inc luding  p rope l l an t  boots ,  was i n s t a l l e d .  T h i s  apouxt 
was approximately 80 l b  (36.3 kg) more than the  amount ca l cu la t ed .  k photograpl r  
of t he  completed i n s u l a t i o n  system i s  shown i n  F igure  19.  
(3)  Motor LCAN-02 
I n s u l a t i o n  ope ra t ions  f o r  t he  second motor were 
s t a r t e d  on 28 October 1969. The forward dome and s idewa l l  i n s u l a t i o n  were 
i n s t a l l e d  i n  t h r e e  consecut ive days beginning 28 October. I n s t a l l a t i o n  onera- 
t i o n s  were accomplished much more e f f i c i e n t l y  than  wi th  Motor LCAM-01, e s p e c i a l l y  
f o r  t he  s idewa l l .  I n  p a r t i c u l a r ,  t h e  p l a t e  t h a t  was welded t o  t he  end of fhe 
dispenser  t rowel  was e f f e c t i v e  i n  e l imina t ing  t h e  m a t e r i a l  build-up between 
s p i r a l  passes .  Although t h e  technique of handl ing and opera t ing  the  s i d e v a l l  
d i spenser  was improved s i g n i f i c a n t l y ,  problems concerning GN leakage around 2 
t h e  diaphragm and blow-through when t h e  d ispenser  po t  emptied were s e l l  nn=t 
overcome. This  was evidenced by u l t r a s o n i c  i n spec t ion  which revealed rmercus 
sma l l  voids s i m i l a r  t o  those  found on the  f i r s t  motor. The d e f e c t  a r eas  were 
trimmed out and r epa i r ed  wi th  f r e s h  IBT-106. 
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I n s t a l l a t i o n  of t h e  a f t  dome i n s u l a t i o n  and forward 
and aft b o o t s  i n s t a l l a t i o n  were  accomplished a s  p lanned.  V i s u a l  i n s p e c t i o n  
after aft--dome c u r e  and mold removal r e v e a l e d  s e v e r a l  de format ions  i n  t h e  a f t  
s;ep--2oint i n s u l a t i o n  s u r f a c e ,  b u t  t h e s e  s u r f a c e  d e f e c t s  were  n o t  as s e v e r e  as 
chose ex2er ienced  i n  t h e  f i r s t  motor.  F i g u r e  20 shows f o u r  o f  t h e s e  s u r f a c e  
defects and t h e  a f t  i n s u l a t i o n / b o o t  c o n f i g u r a t i o n  a f t e r  cure .  The changes i n  
the l3T-$00 i n s t a l l a t i o n  p r o c e s s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  were success -  
f u l  lo the e x t e n t  t h a t  t h e  q u a n t i t y  and dep th  of t h e  d e f e c t s  were reduced;  
Elowever, i t  does appear  t h a t  t h i c k  s e c t i o n s  of IBT-100 must be b u i l t  up l a y e r  
by l a y e r  to avo id  a i r  entrapment  caused by material f o l d i n g  upon i t s e l f .  No 
difficulties were encountered d u r i n g  p r o p e l l a n t  boo t  i n s t a l l a t i o n .  
The forward and a f t  s e c t i o n s  of t h e  i n s u l a t e d  motor 
w e r e  i n s p e c t e d  by t a n g e n t i a l  r ad iography  every 60 degrees  (1.05 rad)  around 
t h e  c i rcumference .  The f o l l o w i n g  d e f e c t s  were no ted :  
( a )  Af t Dome 
1 A 5-in.-long (12.7 cm) a r e a  of t h i n  i n -  
- 
eulati~n, approx imate ly  0.10 i n .  (0.25 cm) t h i c k ,  l o c a t e d  1 6  i n .  (40.7 cm) 
forward of t h e  a f t  t a n g e n t  a t  270 degrees  ( 4 . 7 1  r a d ) .  
2 A 3-in.-dia (7.62 cm) a r e a  of f l a t  v o i d s ,  
- 
90 i n ,  (25-4 cm) forward of t h e  a f t  t a n g e n t  a t  90 degrees  (1.57 r a d ) .  
3  F l a t t e n e d  v o i d s  i n  t h e  IBT-100 n e a r  t h e  
- 
chambe- w a l l  a t  t h e  t h i c k e s t  s e c t i o n  of i n s u l a t i o n ,  
(b) Forward Dome 
1 An i r r e g u l a r l y  shaped v o i d  measuring 0.8 
- 
by 0-6 in, (2.03 by 1 .52 cm) l o c a t e d  5.5 i n .  (13.9 cm) a f t  of forward t a n g e n t  
a t  330 degrees  (5.76 r a d )  . 
2 An i r r e g u l a r l y  shaped v o i d  measuring 0 . 6  
- 
by 0-5 i~., ( 1 - 5 2  by 1 .25  cm) l o c a t e d  16 i n .  (40 .7  cm) aft of forward t a n g e n t  
zt 32 degrees  (0.525 r a d ) .  
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3 Some smal l  f l a t t e n e d  voids  w e l l  seatzere" 
- 
throughout t he  m a t e r i a l .  
The noted d e f e c t s  were trimmed out where  
requi red  and r epa i r ed  wi th  IBT-106. 
(c )  Boots 
The p r o p e l l a n t  boots  were f r e e  of d e f e c t s ,  
A f t e r  cure  of t he  dome r e p a i r s ,  t h e  forward V-44 s l e e v e  and f i b e r g l a s s  aft 
boot ex tens ion  were i n s t a l l e d ,  t h e  i n t e r i o r  s u r f a c e  was cleaned,  and precast  
ope ra t ions  were i n i t i a t e d .  A t o t a l  of 884 l b  (402 kg) of i n s u l a t i o n ,  includ- 
ing  p r o p e l l a n t  boo t s ,  was i n s t a l l e d .  Q u a l i f i c a t i o n  d a t a  f o r  t he  i n s u l a t i o n  
m a t e r i a l  used i n  the  second motor i s  shown i n  Table 17.  
A leak-check was conducted t o  de t e r inhe  t ' i e  
i n t e g r i t y  of t h e  forward p r o p e l l a n t  boot  and the  bond between the  V-44 rthber 
s l e e v e  and the  boot .  The t e s t  agent  was ammonia gas ;  t h e  i n d i c a t o r  was phen- 
o lph tha l e in ,  which tu rns  a deep-purple co lo r  when exposed t o  t r a c e s  of NEf . S 
Ammonia gas from a p re s su r i zed  cy l inde r  was introduced i n t o  the  cav i ty  between 
t h e  boot  and the  forward i n s u l a t i o n .  White c l o t h s ,  wet wi th  phenolphthaiz5n, 
were l a i d  over t h e  boot  and s leeve .  There were no i n d i c a t i o n s  of leakage, 
c.  P rope l l an t  Loading and Preassembly Operations 
(1) Motor LCAN-01 
The modified Algol  I I B  core  was i n s t a l l e d  i n  t i le  
i n s u l a t e d  case  and t h e  e n t i r e  assembly p o s i t i o n e f ~  v e r t i c a l l y  (aft-end up) ftl 
a vacuum c a s t i n g  b e l l .  Four 5600 l b  (2550 kg) ba tches  of ANB-3347 p r o p e l  lap t 
were mixed and loaded i n t o  t h e  motor on 27 October 1969. 
The core was removed with no d i f f i c u l t y  Eol lowlng  
an 8-day cure  a t  +135"F (331°K) and a 36 h r  cool-down a t  80°F (30O0I<), 'The 
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a f t  face of t h e  g r a i n  was trimmed t o  t h e  c o n f i g u r a t i o n  of Drawing No. 1147611 
following c o r e  removal. The f i n a l  p r o p e l l a n t  g r a i n  weight  was 20,478 l b  
(9330 kg) 
A 100% r a d i o g r a p h i c  i n s p e c t i o n  of t h e  completed 
moto r  was performed. There  was no e v i d e n c e  of any p r o p e l l a n t  v o i d s ,  c r a c k s ,  
o r  u ~ i b o a d i n g  from t h e  i n s u l a t i o n  s u r f a c e s .  No gas  p a t h  was v i s i b l e  between 
the fornard  o r  a f t  b o o t  v o i d s  and t h e  p r o p e l l a n t .  The i n s p e c t i o n  r e s u l t s  
zreril- ' ied the i n t e g r i t y  of t h e  i n s u l a t e d  and loaded motor and conf inned i t s  
a c c e p t a b i l i t y  f o r  t e s t  f i r i n g .  
(2)  Motor LCAN-02 
Loading of t h i s  motor w i t h  ANB-3347 p r o p e l l a n t  was 
sompZered on 8 December 1969. Loading was accomphished i n  t h e  same manner as 
cescr~bed f o r  Motor LCAM-01. An 11 day c u r e  p e r i o d  a t  135OF ( 3 3 1 " ~ )  w a s  
a ccompi i shed  f olkowed by normal  c o r e  removal and a f  t - g r a i n  f  ace-trimming 
operctlons,, The n e t  p r o p e l l a n t  we igh t  i n  t h i s  motor was 20,404 I b  (9250 k g ) .  
Again,  r a d i o g r a p h i c  i n s p e c t i o n  of t h e  completed 
nrc?to?rr v e r i f i e d  t h e  a c c e p t a b i l i t y  o f  t h e  p r o p e l l a n t / i n s u l a t i o n  system. 
Q u a l i f i c a t i o n  d a t a  f o r  t h e  f o u r  LCAN-02 p r o p e l l a n t  
batches is  p r e s e n t e d  i n  Tab le  18. Data from t h e  p rev ious  motor and t h e  s c a l e -  
up  ba tches  a r e  i n c l u d e d  f o r  comparison. A s l i g h t l y  h i g h e r  l i q u i d  s t r a n d  burn- 
ing rate in t h e  second motor p r o p e l l a n t  was t h e  on ly  s i g n i f i c a n t  d i f f e r e n c e  
2  
ncte?%, Yowever, t h e  average  s o l i d  s t r a n d  burn ing  r a t e  a t  500 p s i a  (345 N/cm ) 
i s  h w e r  f o r  LC&?-82 p r o p e l l a n t ,  0.205 i n . / s e c  v s  0.237 i n . / s e c  (0.52 
vs 0-60 cm/sec) and i s  a  b e t t e r  i n d i c a t o r  of what cou ld  be  expec ted  a s  t h e  
static burn ing  r a t e  i n  t h e  f u l l - s c a l e  motor. 
Mechanical  p r o p e r t i e s  d a t a  f o r  a l l  ANB-3347 prope l -  
I m t  5atches processed  on t h i s  program a r e  s u m - a r i z e d  i n  Tab le  1 9 ;  t h e  cons i s -  
tency of d a t a  b e m e e n  b a t c h e s  was v e r y  good. 
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d. Modif icat ion and Rework of Motor LCAN-02 
Because of t h e  f a i l u r e  of Motor LCAN-OI during s ta5ic  
t e s t  f i r i n g  ( see  Sec t ion  I I I .C .2 ) ,  s e v e r a l  modi f ica t ions  were made t o  the 
completed second motor t o  prevent  a  s i m i l a r  f a i l u r e .  
The rework t h a t  w a s  performed is  discussed below a n d  
shown i n  F igure  21. 
The forward i g n i t e r  bore  was en larged  by hand tsimxing 
t o  about  7.0 i n .  i n  d i a  (17.8 cm). This  involved removal of t h e  entire V - 4 L  
s l e e v e  and t h e  bond j o i n t  between i t  and the  forward boot.  The exposed pro- 
p e l l a n t  s u r f a c e  was r e s t r i c t e d  wi th  IBT-113 t rowelable  i n s u l a t i o n .  
The boot  r e l e a s e  vo ids  a t  t he  forward and a f t  heads of 
t h e  motor were f i l l e d  wi th  an epoxy-based p o t t i n g  compound (MK-599). Th is  was 
done wi th  t h e  motor i n  a  v e r t i c a l  p o s i t i o n  under vacuum condi t ions  and w:t'? t h e  
p rope l l an t  cooled t o  60°F (28g°K). 
The exposed p o r t i o n  of t h e  i g n i t e r  adapter  w a s  i n su l a t ed  
wi th  IBT-106. 
When these  rework opera t ions  had been completed, a com- 
prehensive rad iographic  i n spec t ion  of t h e  forward and a f t  s e c t i o n s  o f  the n m t ~ r  
was performed. With t h e  except ion  of one smal l  a r e a  near  t h e  i g n i t e r  boss 
(subsequent ly r epa i r ed )  t h e  MK-599 p o t t i n g  compound had completely fiblea t he  
boot  c a v i t i e s  a s  intended.  The q u a l i t y  of i g n i t e r  bore r e s t r i c t i o n  and i t s  
bond t o  t h e  p rope l l an t  were a l s o  v e r i f i e d  by t h e  X-rays. 
e .  Motor F i n a l  Assembly 
P r i o r  t o  motor f i n a l  assembly, two modi f ica t ions  wese 
made t o  reduce the  i n i t i a l  high chamber p re s su re  caused by e ros ive  bur3Lrg .  
These were the  a p p l i c a t i o n  of a  r e s t r i c t i o n  m a t e r i a l  t o  t he  a f t  face and ac t  
3 ft (0.91 m) of t h e  g r a i n  bo re  and t h e  removal of about 40% of the  igniter 
:IL,3, Task I - Nozzle and Test-Motor Design,  A n a l y s i s ,  and F a b r i c a t i o n  ( c o n t )  
~ r o p e l l a n t .  g r a i n .  The g r a i n  r e s t r i c t o r  of SD-830, a n  epoxy-cured p o l y s u l f i d e  
pottins compound, was brushed on t o  a t h i c k n e s s  of 0.05 t o  0.10 i n .  (0.13 t o  
0-25 c-n). 
F i n a l  assembly of b o t h  motors was completed i n  accordance 
wit.1: the requ i rements  of Drawing No. 1149067. A d ry  f i t  o f  t h e  n o z z l e s  con- 
f l r r e l  the expec ted  0.05 t o  0 -10 i n .  (0 -13 t o  0.25 em) gap between t h e  IBT-100 
i n s u l a t i o n  s t e p - j o i n t  mat ing f a c e s .  AGC-34076 s i l i c o n e  rubber  s e a l a n t  was 
~ p p l i e d  t o  t h i s  area d u r i n g  n o z z l e  i n s t a l l a t i o n .  
The assembled motors  were  l e a k - t e s t e d  a t  30 p s i g  (20.7 
L N / c m  ) us ing  a l e a k  d e t e c t i n g  s o l u t i o n .  No l e a k a g e  was found. 
The motors were  main ta ined  i n  a 70 t o  85OF (294 t o  303OK) 
c o n t r o l l e d  environment d u r i n g  a l l  p r o c e s s i n g ,  s t o r a g e ,  and p r e t e s t  o p e r a t i o n s .  
4. Nozzle F a b r i c a t i o n  
Two n o z z l e  a s s e m b l i e s  were  manufactured t o  e v a l u a t e  t h e  low- 
cast a 5 l a t i v e  m a t e r i a l  performance c a p a b i l i t i e s .  The assembl ies  were i d e n t i c a l  
w i t h  r e s p e c t  t o  d imens iona l  c o n f i g u r a t i o n ,  and t h e  components f o r  each were 
ZaSr ica ted  u s i n g  s i m i l a r  wrapping p rocedures .  Three  s e t s  of e n t r a n c e  and t h r o a t  
Loser t s  were f a b r i c a t e d  f o r  t h e  two n o z z l e  a s s e m b l i e s ;  t h e  second s e t  was re -  
m3ved from assembly and r e p l a c e d  by t h e  t h i r d  set  a s  a r e s u l t  of t h e  f i r s t  motor 
F i r i n g .  A i J I  n o z z l e  f a b r i c a t i o n  was performed by Naveg I n d u s t r i e s ,  I n c . ,  of 
S a n t s  Fe S p r i n g s ,  C a l i f o r n i a .  
a .  M a t e r i a l s  
The pre-preg m a t e r i a l s  t h a t  were used t o  f a b r i c a t e  t h e  
n o z z l e  comnonents a r e  l i s t e d  i n  Table  20. Also shown a r e  the s u p p l i e r s  and 
:lie r e i n f o r c e m e n t - r e s i n  sys tems of each pre-preg m a t e r i a l ,  The p a r e n t h e t i c a l  
nuxhers i n  t h e  "Where Used'' c o l  r e f e r  t o  t 3 e  p a r t i c u l a r  n o z z l e  assembly - 
24 be ing  t he  s e t  t h a t  was i n i t i a l l y  i n s t a l l e d  i n  t h e  second n o z z l e  assembly.  
'PI. .,lree o f  t h e  f i v e  m a t e r i a l s  had been e v a l u a t e d  i n  p r e v i o u s  low-cost  n o z z l e  
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e v a l u a t i o n  programs "' 3, ; t h e  remaining two (4KXD02 and MXSC-195) were con- 
s i d e r e d  t o  b e  e q u i v a l e n t  t o  KF-418 and WB-8251, b o t h  of which had been 
p r e v i o u s l y  e v a l u a t e d .  The measured and d e s i r e d  p r o p e r t i e s  of t h e  pre-preg 
m a t e r i a l s  are shown i n  Tab le  21. I n  most c a s e s ,  t h e  d e s i r e d  range  c f  e a c l ~  
p r o p e r t y  was m e t ,  a l though  t h e  s p r e a d  o f  measured v a l u e s  was g r e a t e r  for the  
AVCERAM CIS ( c a r b o n - s i l i c a )  and canvas duck pre-preg m a t e r i a l s .  Since Ciese 
m a t e r i a l s  have b u t  r e c e n t l y  been u s e d  i n  a b l a t i v e  a p p l i c a t i o n s ,  i t  appea-s  
t h a t  t h e i r  impregna t ing  paramete rs  have  n o t  y e t  been s t a n d a r d i z e d .  
b .  F a b r i c a t i o n  
The n o z z l e  components were  des igned  t o  c o n s i s t  of ilarne 
l i n e r s  w i t h  p l i e s  o r i e n t e d  a t  a s p e c i f i e d  a n g l e  t o  t h e  c e n t e r  l i n e  of the 
- 
n o z z l e  and overwrapped w i t h  a combined i n s u l a t i v e - s t r u c t u r a l  m a t e r i a l .  sxces s  
m a t e r i a l  was p rov ided  a t  one o r  b o t h  ends  of t h e  wrapped component for evalu- 
a t i n g  t h e  p r o p e r t i e s  of t h e  cured  composite.  Fol lowing t h e  removal af rhis 
e x c e s s  material, t h e  components were  machined t o  produce t h e  f i n i s h e c  parts, 
These were t h e n  d r y - f i t t e d  and assembled t o  form t h e  n o z z l e .  
The g e n e r a l  f a b r i c a t i o n  p rocedure  f o r  t h e  a b l a t i v e  nozzle 
i n s e r t s  was as fo l lows :  
(1) The f lame l i n e r  materials were wrapped orrto a scee; 
mandrel  w i t h  t h e  t a p e  p l i e s  o r i e n t e d  t o  y i e l d  t h e  s p e c i f i e d  a n g l e  after can- 
p l e t i o n  of cure .  The a i m  was t o  a c h i e v e  an  as-wrapped d e n s i t y  of 87% for: t h e  
high-angle  p l i e s  and 93% f o r  t h e  p a r a l l e l - t o - c e n t e r  l i n e  p l i e s .  
(2)  The f l ame  l i n e r  was compacted (debulked) i n  ac 
a u t o c l a v e  a t  a t empera tu re  of 170°F (350°K) and a p r e s s u r e  of 250 psig 
2 (172.4 N/cm ) .  The e x t e r i o r  s u r f a c e  was t h e n  machined. 
(3) The f lame l i n e r  was covered w i t h  t h e  i n s u l a t i v e  
m a t e r i a l  wrapped p a r a l l e l  t o  t h e  machined s u r f a c e .  
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(4) The o v e n ~ r a p p e d  f lame l i n e r  was cured i n  a n  auto-  
clave a t  a t empera tu re  of 30Q°F (422OK) and a p r e s s u r e  of 250 p s i g  (172.4 
2, N/CT : 
(5) The e x c e s s  m a t e r i a l  was p a r t e d  from t h e  i n s e r t  and 
evaluated, The i n s e r t  was machined f o r  assembly.  
The s p e c i f i c  pa ramete rs  used t o  f a b r i c a t e  each of t h e  
comp~aents  a r e  shown i n  Tab le  22. Wrapping, one of t h e  t h r e e  p r i n c i p a l  opera-  
t:scs ( the o t h e r s  a r e  debulking and c u r i n g )  i s  e s s e n t i a l l y  a  manual o p e r a t i o n .  
C3nseg~ently, t h e  wrapping paramete rs  are s u b j e c t  t o  more f l u c t u a t i o n  t h a n  
those of  the o t h e r  two o p e r a t i o n s .  D e s p i t e  t h e  wide v a r i a t i o n  i n  t a p e  temper- 
ature and r o l l e r  p r e s s u r e ,  t h e  as-wrapped d e n s i t i e s  met t h e  t a r g e t  v a l u e s ,  
except f o r  t h e  canvas-duck i n  E x i t  Cone No. 2,  which had an  as-wrapped d e n s i t y  
05 92%, 
The p r o p e r t i e s  of tke cured composite a r e  shown i n  
Tab le  2%- T e s t  p rocedures  were  conducted i n  accordance w i t h  t h e  requ i rements  
of  S p e c i f i c a t i o n  AGC-36413. The minimum requ i rements  were met o r  exceeded f o r  
a l l  composites e x c e p t  t h e  canvas  duck. The measured v a l u e s  of h a r d n e s s ,  un- 
cured res%n c o n t e n t ,  and v o l a t i l e  c o n t e n t  o f  t h i s  m a t e r i a l  i n d i c a t e  t h a t  e i t h e r  
the  cure p r o c e s s  was n o t  a s  complete as d e s i r e d ,  o r  t h a t  t h e  p r o p e r t y  l i m i t s  
reqcfre soKe a l t e r a t i o n  f o r  s p e c i f i c a t i o n  purposes .  
c. Assembly 
The n o z z l e  components were  bonded t o  a  s t e e l  s h e l l  us ing  
the epoxy adhes ive  Epon 913. J o i n t s  between t h e  a b l a t i v e  components were f i l l e d  
with t i l e  s i l i c o n e  r u b b e r  compound PR-1910, The sequence of bonding was (1)  e x i t  
cone t o  s h e l l ,  (2) t h r o a t  t o  s h e l l  and e x i t  cone,  and (3) e n t r a n c e  t o  t h r o a t  
and shell, The a d h e s i v e  was cured  by h e a t i n g  t o  180°F (355'K). A f t e r  each 
rblatiwe component was cured ,  i t  was machined a t  t h e  forward f a c e  t o  match t h e  
sc!jace:~"., next-to-be-bonded, component, 
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A f t e r  a l l  nozz le  components were bonded t o  the  sheli, 
glass/epoxy roving was wrapped over t he  s t e e l  s h e l l  and a po r t ion  of tl-e e x i t  
cone (Nozzle No. 1 only)  . The nozz le  assemb l y  was then autoclave-cured e c 
2 300°F (422°K) and 100 ps ig  (69 N/cm ) f o r  2 hours .  
Following cure,  t he  nozz le  was s e t  up i n  a l a t h e  a c d  the 
i n t e r n a l  contours  of t h e  en t rance  and t h r o a t  were machined t o  t he  drawing 
dimensions. 
d. Fab r i ca t ion  Problems 
(1) Nozzle No. 1 Exi t  Cone Delaminations 
The most s eve re  problem encountered during any of 
t h e  nozz le  manufacturing procedure concerned processing of t he  g l a s s  structural 
overwrap, a s  d i scussed  i n  t h e  previous sec t ion .  
A s e p a r a t i o n  between t h e  asbestos-phenolic  ovemrao  
and t h e  canvas duck-phenolic exit-cone l i n e r  was discovered a f t e r  cornp2erion 
of t h e  g l a s s  overwrap cure.  Three a r e a s  of s epa ra t ion  between t h e  two xater- 
i a l s  were apparent  a t  t h e  e x i t  p lane  of t h e  nozzle .  Radiographic and ultra- 
s o n i c  i n spec t ion  of t h e  assembly ind ica t ed  t h a t  60 t o  80% of t h e  exit cone aft 
of t h e  s t e e l  s h e l l  had delaminated a t  t h e  a sbes tos  overwrap i n t e r f a c e ,  L i ~ i t a -  
t i o n s  of i n s p e c t i o n  equipment prevented a s a t i s f a c t o r y  v e r i f i c a t i o n  of tlb5s 
bond forward of t he  a f t  end of t h e  s h e l l ,  although the  X-rays d id  show tke 
sepa ra t ion  ending about 2 i n .  (5.08 cm) a£ t of t he  s t e e l  s h e l l ,  
The s e p a r a t i o n  of t he  a sbes tos  overwrap fram t h e  
canvas duck flame l i n e r  w a s  observed a f t e r  completion of t h e  g l a s s  overwrap 
cure  cyc le  and subsequent cool-down. The cure  cyc le  cons is ted  of a tenpcr- 
a t u r e  r i s e  a t  a r a t e  of 1°F/sec  t o  180°F (356OK) wi th  a hold a t  180°F (356°K) 
f o r  2 hours followed by a f u r t h e r  i nc rease  a t  t he  same r a t e  t o  300 10°F 
(422 + 261°K) f o r  2 hours  (min). This was a l l  accomplished with the  p z r c  
2 
under vacuum-bag p re s su re  of 20 i n .  Hg (6.75 N/cm ) and an au toc lave  pressgre 
2 
of 100 - f 10 p s i g  (69 - f 6.9 N / C ~  ) .  
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Using the  a v a i l a b l e  d a t a  on the  c o e f f i c i e n t  of thermal 
expansion of canvas- and asbestos-phenolic  composites and the  a c t u a l  e x i t  cone 
geoxetry, a s t r e s s  a n a l y s i s  was conducted t o  determine i f  t h e  f a i l u r e  was 
caused by the  d i f f e r e n t i a l  expansion of t he  l i n e r  and overwrap during t h i s  
2 
cure cycle, The r e s u l t s  show a t e n s i l e  hoop s t r e s s  of 2080 p s i  (1378 N/cm ) 
2 
and a shear s t r e s s  of 500 p s i  (345 N/cm ) occurr ing  a t  t h e  bond i n t e r f a c e  
Staring the increasing-temperature p o r t i o n  of t he  glass-cure cyc le .  The 
ultimate room-temperature t e n s i l e  s t r e n g t h  of an asbestos-phenolic  laminate ,  
2 perpendicular  t o  t he  wrap, is  1500 p s i  (4033 N/cm ) .  The bond f a i l u r e  thus 
z.ppears to be the  r e s u l t  of t he  t e n s i l e  hoop s t r e s s  r e s u l t i n g  from d i f f e r e n t i a l  
thenla$. expansion. 
The X-rays taken t o  de f ine  t h e  e x t e n t  of t he  e x i t  cone 
ca~rerwrap s e p a r a t i o n  revea led  two a d d i t i o n a l  d e f e c t s .  The more s e r i o u s  of t he  
two was a p o s s i b l e  delaminat ion between p l i e s  of t he  canvas-phenolic e x i t  cone 
Liner a t  an a r e a  r a t i o  of 2 .8 : l .  The e x t e n t  of t h i s  condi t ion  c i r cumfe ren t i a l l y  
was ac t  e s t a b l i s h e d  due t o  t h e  l i m i t e d  number of exposures taken. However, t he  
presexe of t he  delaminat ions was v e r i f i e d  v i s u a l l y  a f t e r  removal of t he  
asbestos overwrap. Four d e f e c t s  measuring 4 t o  7 i n .  (10.15 t o  17-78  cm) i n  
length w e r e  noted.  These d id  n o t  extend t o  t h e  inne r  su r f ace  of t h e  l i n e r ,  
b u t  c:c.;rld poss ib ly  have been exposed during t h e  course of the  f i r i n g .  I n  
addition, a delaminat ion i n  t h e  g l a s s  s t r u c t u r a l  ovemrap  was found. This  
defect extended over t he  f u l l  l eng th  and circumference of t he  ma te r i a l .  
The delaminat ions i n  t h e  canvas-phenolic l i n e r  a r e  
believ~d t o  be  the  r e s u l t  of h igh  t e n s i l e  loads induced i n  t he  pa ra l l e l - t o -  
center l i n e  wrap a t  t he  p o i n t  where good bonding t o  t he  asbes tos  e x i s t e d  
adjacent t o  a separa ted  a rea .  The delaminat ion i n  t h e  g l a s s  overwrap cannot 
be  explained. 
The fol lowing r e p a i r  procedure was e s t a b l i s h e d  i n  con- 
;an.ction wt th  Waveg and was approved by t h e  LeRC Program Manager, P r i o r  t o  
~xrplementat ion of t he  r e p a i r ,  a prel iminary s t r e s s  a n a l y s i s  was conducted that 
verifled the s t r u c t u r a l  adequacy of t h e  proposed approach. 
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(a) A 1 1  t h e  g l a s s  roving and HT-424 adhesive was 
removed from t h e  o u t s i d e  s u r f a c e  of t h e  e x i t  cone and meta l  housing,  
(b) A l l  MXA-6012 asbes tos  overwrap a f t  of the netaL 
housing was machined from the  ou t s ide  s u r f a c e  of t h e  canvas duck exit-cope Liner 
The remaining a sbes tos  overwrap s u r f a c e  was tapered  p a r a l l e l  t o  t he  nozzle 
cen te r  l i n e  from t h e  meta l  housing t o  t h e  canvas duck l i n e r .  
(c) The e n t i r e  o u t s i d e  s u r f a c e  of t he  e x i t  cone 
was inspec ted  by acetone-penetrant  t e s t i n g  t o  determine t h e  l o c a t i o n  and mag- 
n i t u d e  of any delaminat ions i n  t h e  canvas duck l i n e r .  
(d) The f o u r  l i n e r  delaminat ions de tec ted  were 
impregnated wi th  Epon 828 r e s i n ,  vacuum-bagged, and sub jec t ed  t o  a 190 p s i  
L (69 N/cm ) autoc lave  p re s su re  f o r  30 min. 
(e )  A hand lay-up of g l a s s  c l o t h  (Type 1 8 2 )  aRZ an 
ambient-curing epoxy r e s i n  (Epon 828) w a s  app l i ed ,  covering t h e  e n t i r e  e x i t  
cone t o  a th ickness  of 0.15 i n .  (min) (0.38 cm) . 
( f )  The p a r t  w a s  vacuum-bagged and cured a t  rocm 
2 temperature and 100 p s i  (69 N/cm ) f o r  24 hours .  
Subsequent t o  r e p a i r  of t h e  e x i t  cone, a finite- 
element a n a l y s i s  of t h i s  a r e a  was conducted i n  which i t  was assumed that t h e  
noted delaminat ions i n  t h e  canvas extended completely through the  part, The 
ca l cu la t ed  hoop s t r e s s  and s t r a i n  i n  t h e  g l a s s  overwrap were only 4000 psi 
2 ( 2 7 5 4  N/cm ) and 0.133%, r e s p e c t i v e l y ,  w e l l  below al lowable l i m i t s ,  
Radiographic i n spec t ion  of t he  e n t i r e  nozzle  a t  
Aero je t  v e r i f i e d  accep tab le  bonding of t h e  g l a s s  overwrap t o  the  exit-cone 
l i n e r  and t h e  s t e e l  s h e l l  and confirmed t h e  i n t e g r i t y  of t h e  asbestos-ovemrap 
- * bond t o  t h e  en t rance  and t h r o a t  i n s e r t s .  The delaminat ions i n  t h e  car,vas >-nrter 
were a l s o  seen  t o  end a t  l e a s t  l / 2  i n .  (1.27 cm) from t h e  inne r  surface o f  t h e  
p a r t .  
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(2) Carbon-Si l ica  Wrapping D i f f i c u l t i e s  (Nozzle No. 1 )  
During t h e  i n i t i a l  wrapping of t h e  MXSC-195 carbon- 
s~lica e n t r a n c e  s e c t i o n ,  and p r i o r  t o  t h e  debulk c y c l e ,  a de lamina t ion  ( o r  
unbonciiwg) between p l i e s  occur red .  A "predebulk" c y c l e  of l h r  a t  150°F 
2 (339°K) and 108 p s i  (69 N/cm ) was used t o  s u c c e s s f u l l y  r e p a i r  t h i s  c o n d i t i o n .  
Cracking a t  t h e  O.D,  s u r f a c e  of t h e  pre-preg t a p e  
bas e x p r i e n c e d  d u r i n g  wrapping of t h e  c a r b o n - s i l i c a  t h r o a t  i n s e r t .  Th i s  was 
tracec t o  overadvancement i n  t h e  r e s i n .  To a c h i e v e  t h e  requ i rement  of 6% 
maxinun v o l a t i l e  c o n t e n t  i n  t h e  pre-preg,  i t  was n e c e s s a r y  f o r  F i b e r i t e  t o  
take t a e i r  s t a n d a r d  m a t e r i a l  and d r y  i t  f u r t h e r ,  a t  a t empera tu re  below 200°F 
(367"~). T h i s  reduced t h e  f o r m a b i l i t y .  It appears  t h a t  t h e  v o l a t i l e  c o n t e n t  
f o r  t h i s  pre-preg s h o u l d  b e  between 6 and 9%. 
(3)  Nozzle No. 2 
No s i g n i f i c a n t  f a b r i c a t i o n  d i s c r e p a n c i e s  were en- 
coun te red  d u r i n g  t h e  p r o c e s s i n g  of t h i s  u n i t .  As on t h e  f i r s t  n o z z l e ,  t h e  
v o l a t i l e  c o n t e n t  and a c e t o n e - e x t r a c t i o n  l e v e l  of t h e  cured canvas duck- 
phenolic m a t e r i a l  (4KXD02) s l i g h t l y  exceeded t h e  s p e c i f i c a t i o n  requ i rement .  
The removal of t h e  bonded s i l i c a - p h e n o l i c  e n t r a n c e  and t h r o a t  i n s e r t s  from 
the cempleted second n o z z l e  was accomplished w i t h o u t  d i f f i c u l t y  subsequen t  t o  
the cecision t o  r e p l a c e  t h e s e  p a r t s  w i t h  components f a b r i c a t e d  from carbon 
s i l i c a ,  
The replacement  i n s e r t s  were p rocessed  w i t h  no 
c?eviat50ns r e p o r t e d .  The cured  composite p r o p e r t i e s  met a 4 1  s p e c i f i c a t i o n  
criteria, 
5 .  A b l a t i v e  Materials C h a r a c t e r i z a t i o n  
The n o z z l e  components were c h a r a c t e r i z e d  w i t h  r e s p e c t  t o  
chemical ,  p h y s i c a l ,  and mechanical  p r o p e r t i e s .  The p r o p e r t i e s  of t h e  pre-preg 
ard composites were determined by t h e  pre-preg s u p p l i e r  and component f a b r i c a t o r ;  
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t h e  phys i ca l  and mechanical p r o p e r t i e s  (of t h e  composite) w e r e  determined by 
B a t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio. The specimens f o r  a l l  m e s u r e -  
ments of composite p r o p e r t i e s  were made from test r i n g s  removed f r o r  t k e  Eirsr 
nozz le  components. 
a .  Pre-Preg P r o p e r t i e s  
The p r o p e r t i e s  of t h e  pre-preg m a t e r i a l s  used i n  t h e  test 
nozz l e s  a r e  given i n  Table  21. 
b  . Composite P r o p e r t i e s  
P r o p e r t i e s  of t h e  cured composites a r e  shown i n  Table 23 .  
(1) S p e c i f i c  Gravi ty  
The s p e c i f i c  g r a v i t i e s  of specimens taken from the  
test  ex t ens ions  were determined i n  accordance w i t h  t h e  weight-volume m e t ? ~ o Z  of 
Federa l  Tes t  Method Standard 406 (FTMS 406,  Method 5011).  I n  gene ra l ,  t h e  
s p e c i f i c  g r a v i t i e s  of t h e  composites were normal except  f o r  t h a t  of the 
MXA-6012 a sbes to s .  The v a l u e  of 1.7411.78 r epo r t ed  h e r e i n  is  h ighe r  thar. "_he 
1.6011.61 r epo r t ed  prev ious ly  (2 , 3) 
(2) Hardness 
The hardness  of t h e  cured composites were deter- 
mined by t h e  Rockwell 'R '  s c a l e ,  which uses  a  0.5-in. (1.27 mm) b a l l  i nden to r  
wi th  a  60 kg load .  Measurements w e r e  t aken  f o r  i n fo rma t iona l  purposes ,  ani, 
i n  gene ra l ,  a r e  s i m i l a r  t o  those  g iven  i n  Reference ( 2 ) .  
-- 
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(3) V o l a t i l e  Content 
V o l a t i l e  conten t  w a s  determined by e s t a b l i s h i n g  t h e  
w e i g h t  l o s s  i n  a specimen hea ted  t o  325 - + 10°F (436 - + 5 . 6 " ~ )  f o r  24 - + 0.5 hours .  
Exceps: i n  t h e  4I(XD02 canvas composite, t he  v o l a t i l e  conten ts  were a l l  below the  
4,3% called out  on t h e  nozz le  drawing. The v o l a t i l e  conten ts  of t h e  4KXD02 
specimens were between 4.7 and 5.2%, bu t  were considered t o  be  acceptab le  on 
:he b a s i s  of r e s u l t s  ob ta ined  wi th  h igh-vola t i le -content  p a r t s  t e s t e d  i n  s o l i d  
( 4 )  rocket motors i n  a r e c e n t  NASA-funded program . 
(4) Uncured Resin Content 
Uncured r e s i n  content  i n  t h e  cured composites was 
de tern ined  by the  weight f r a c t i o n  d isso lved  a f t e r  e x t r a c t i o n  of a p a r t i c u l a t e  
sam2l.e with acetone. The MXA6012 specimens contained between 0.51 and 0.56% 
uncured r e s i n ,  and t h e  4KXD02 specimen contained between 0.49 and 0.71%. 
These f i g u r e s  a r e  s l i g h t l y  h ighe r  than t h e  0.5% maximum t h a t  i s  usua l ly  speci-  
" - 
~ : e a ,  o u t  the  m a t e r i a l  w a s  accepted f o r  use.  
c .  Mechanical P r o p e r t i e s  
The t e n s i l e ,  compressive, and shea r  p r o p e r t i e s  of 
So-8033-96 s i l i c a  and 4 W 0 2  canvas composites were determined a t  room and 
elevated temperatures ,  us ing  specimens of t he  design shown i n  Figure 22. A l l  
root--temperature measurements were conducted on v i r g i n  m a t e r i a l ,  and elevated-  
temperature measurements were made on m a t e r i a l  t h a t  had been charred a t  2750°F 
(1783'Y) p r i o r  t o  t e s t .  
Specimen char r ing  was conducted i n  a g raph i t e ,  r e s i s t a n c e  
furnace i n  an atmosphere of flowing argon. The b a s i c  char  cyc le  cons is ted  of 
(1) heating t o  llOO°F (866.5"K) a t  t h e  r a t e  of 100°F ( 5 6 " ~ )  per  hour ,  (2) ho ld ing  
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f o r  1 hour,  (3) hea t ing  t o  2750°F (1783°K) a t  t he  r a t e  of 300°F (167OK) p e r  
hour ,  (4) ho ld ing  f o r  4 hours ,  and (5) furnace  cool ing i n  argon. This  pro- 
cedure y i e l d e d  s a t i s f a c t o r y  specimens f o r  t he  s i l i c a -  and canvas-phena-ic 
m a t e r i a l s .  
For t h e  carbon-s i l ica  phenol ic ,  t h e  above char cycle 
produced seve re  d i s t o r t i o n  and delaminat ion of t h e  t e s t  specimens. The cyc le  
was modified t o  (1) hea t ing  t o  750°F (672OK) a t  t h e  r a t e  of 25OF (14OK) 2er 
hour,  (2) holding f o r  2 hours ,  (3) hea t ing  t o  275Q°F (1783°K) a t  the  rate of 
200°F ( l l l °K)  pe r  hour ,  (4) holding f o r  4 hours ,  and (5) furnace cool ing ,  
This  cyc le  e l imina ted  the  d i s t o r t i o n ,  b u t  a h igh  inc idence  of i n t e r p l y  cracks 
was s t i l l  observed. Consequently, a l l  e levated-temperature s t r e n g t h  * n e a s u r e -  
ments of t h i s  m a t e r i a l  were omit ted from t h e  program. 
(1) SP-8030-96 S i l i c a  Phenolic  
The mechanical p r o p e r t i e s  of t h e  SP-8030-96 com- 
p o s i t e  a r e  shown i n  Table 24. Also l i s t e d  a r e  t h e  t e n s i l e  and compressive 
p r o p e r t i e s  of m a t e r i a l  t e s t e d  i n  a previous program"). The va lues  of t h e  trio 
s e t s  of d a t a  a r e  q u i t e  c lo se  except  f o r  t e n s i l e  modulus. The p re sen t  results 
appear t o  be  low by a f a c t o r  of 2. 
(2) MXSC-195 Carbon-Silica Phenol ic  
The mechanical p r o p e r t i e s  of t h e  carbon-s i l ica  
phenol ic  a r e  shown i n  Table 25. Comparative p r o p e r t i e s  a r e  a l s o  presented 
f o r  two s i m i l a r  composites, 4C 2530 and X-5571. Here aga in ,  t h e  correspondence 
of t h e  two s e t s  of d a t a  i s  c l o s e  except  f o r  t h e  t e n s i l e  modulus. TF,e r e s u l t s  
wi th  the  o t h e r ,  s i m i l a r  composites i n d i c a t e  t h a t  i f  t h e  MXSC-195 had not de- 
laminated during char r ing ,  t he  compressive s t r e n g t h  would have been upwards of 
2 1760 p s i  (1213 N/cm ) a t  275Q°F (1783°K). 
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(3) 4 D 0 2  Canvas Phenolic  
The mechanical p r o p e r t i e s  obtained f o r  t h e  4KXD02 
composite a r e  shown i n  Table 26. Except f o r  t e n s i l e  modulus, the  r e s u l t s  
campare c lose ly  wi th  those of t h e  previous program. I t  should be noted t h a t  
die strength a t  e l eva t ed  temperature of t he  charred canvas m a t e r i a l  was h ighe r  
than that o f  e i t h e r  t he  charred s i l i c a  o r  carbon-s i l ica  composites. 
d. Phys ica l  P r o p e r t i e s  
The thermal expansion and s p e c i f i c  h e a t  specimens were 
prepared as cy l inde r s ,  nominally 0.375 i n .  (0.95 cm) i n  d i a  by 2 t o  4 i n .  
(5.1 t o  10,2 cm) long. The specimens represent ing  t h e  d i r e c t i o n  p a r a l l e l  t o  
t h e  pLPes could usua l ly  be f a b r i c a t e d  i n  one p i ece ,  bu t  those r ep re sen t ing  the  
-perpendicular-to-ply d i r e c t i o n  were made of s e v e r a l  s tacked  p i eces .  The thermal 
c o n d u c ~ i v i t y  specimens were prepared a s  d i s c s ,  nominally 3 i n .  ( 7  - 5  cm) i n  d i a  
by C.50 i n ,  (1.25 cm) t h i ck .  
Thermal conduct iv i ty  of both v i r g i n  and charred specimens 
has measured by a s t eady- s t a t e  comparative technique t h a t  f ea tu red  one-dimensional 
heat f low,  I n  t h i s  technique., h e a t  i s  t r a n s f e r r e d  a x i a l l y  through a  specimen 
and a heat flow meter i n  s e r i e s  and conduct iv i ty  i s  ca l cu la t ed  from the  r e l a t i o n :  
where: K i s  the  thermal conduct iv i ty  
q i s  the  h e a t  flow r a t e  
A is  t h e  c ross -sec t iona l  a r ea  of specimen i n  t e s t  s e c t i o n .  
L i s  the  specimen th ickness  
AT is t h e  temperature d i f f e r e n c e  ac ros s  L 
The t o t a l  of p o t e n t i a l  e r r o r s  i n  conduct iv i ty  measurements 
by t b l s  technique was determined t o  be approximately 2 8%. 
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Linear  expansion of t h e  v i r g i n  m a t e r i a l s  was measured R r  
a s tandard  q u a r t z  d i l a tome te r ,  and expansion of t h e  char  was measured i n  2 
direct-view d i l a tome te r .  I n  t he  direct-view d i l a tome te r ,  d i l a t i o n  o f  the 
specimen i s  measured wi th  te lemicroscopes,  f i t t e d  wi th  f i l a r  eyepieces ,  cEich 
t r a c k  t h e  movement of f i d u c i a l  marks on t h e  specimen. The specimen is support- 
ed on a p la t form i n s i d e  a tube furnace  and d a t a  a r e  recorded when themal 
- 6 
equi l ibr ium is  achieved. D i l a t i o n  of 7 x 10 i n .  (17.78 x a! can be  
de t ec t ed  by t h e  direct-view technique ; t h e  qua r t z  d i l a tome te r  has  a s e n s i ~ t v i  ty
- 6 
of 20 x i n .  ( 5 0 . 8 ~  10 em). 
S p e c i f i c  h e a t  w a s  ca l cu la t ed  from enthalpy data rne~sured  
i n  a Bunsen-type i c e  ca lor imeter .  B r i e f l y ,  s p e c i f i c  h e a t  is  t h e  s lope  of t h e  
curve f i t t e d  t o  t he  enthalpy da t a .  Accuracy of t h e  ca lor imeter  i s  checked 
f r equen t ly  through measurements on s t anda rd  (NBS) aluminum oxide and by &so-- 
l u t e  hea t - input  methods. Resu l t s  a r e  r o u t i n e l y  w i t h i n  1% of abso lu t e ,  
Phys i ca l  p r o p e r t i e s  of t he  s i l i c a  phenol ic  composite were 
n o t  determined s i n c e  i t  w a s  f e l t  t h a t  t he  a v a i l a b l e  da t a  were s a t i s f a c t o r y  f o r  
use.  
(1) MXSC-195 Carbon-Silica Phenol ic  
The thermal conduct iv i ty  of t he  v i r g i n  carbon-silica 
2 2 
composite was of t h e  o rde r  of 5 Btu / in . /hr - f t  -OF (0.008 W-cm/cm -"C) i n  the 
temperature range from 75 t o  5OO0F (269 t o  400°K), and t h e r e  was only e s l L g F e  
d i f f e r e n c e  between the  va lues  p a r a l l e l  t o  t h e  p l i e s  and those normal to the 
p l i e s .  The thermal conduct iv i ty  of t h e  char red  composite exh ib i t ed  more 
a n i s o t r o p i c i t y ,  t h e  pa ra l l e l - t o -p ly  va lues  running about  fou r  t imes h i g h 3 r  
than those i n  t h e  normal-to-ply d i r e c t i o n .  The thermal conduct iv i ty  oT the 
MXSC-195 m a t e r i a l  is  shown i n  F igure  23. 
The s p e c i f i c  h e a t  of t he  MXSC-195 m a t e r i a l  i s  show 
i n  F igure  24 over  t h e  range from 75 t o  2750°F (30 t o  1785OK). 
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The thermal expansion of t h e  MXSC-195 m a t e r i a l  i s  
shown i n  F igure  25. I n  t he  v i r g i n  condi t ion ,  t he  expansion and shrinkage i n  
the no:aa:l-to-ply d i r e c t i o n  was about t e n  times t h a t  of t he  para l le l - to-p ly  
d 4 r e ~ : t i o n ~  The d i f f e r e n c e  i n  expansion between the  two o r i e n t a t i o n s  was much 
l e s s  len the charred m a t e r i a l .  
(2) 4KXD02 Canvas Phenolic  
The thermal conduct iv i ty  of t he  4KXD02 canvas com- 
p o s i t e  is  shown i n  F igure  26. There was pronounced an i s t ropy  i n  both t h e  
\ i r g i c  and charred m a t e r i a l s ,  w i th  t he  normal-to-ply va lues  running about  ha l f  
t hose  of the para l le l - to-p ly  va lues .  
The s p e c i f i c  h e a t  of t h e  4KXD02 composite i s  shown 
i n  F igure  2 7 .  Since the  canvas i s  a  c e l l u l o s e  product ,  i t s  s p e c i f i c  h e a t  i s  
b igher  than t h a t  of t he  MXSC-195 and approaches t h a t  of t h e  carbon composites. 
The dimensional changes i n  t he  4KXD02 composite a r e  
shown i n  F igure  28. I n  t h e  charred condi t ion ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  
between the two f a b r i c  o r i e n t a t i o n s  t h a t  were examined. I n  t he  v i r g i n  con- 
d i t i o c ,  however, t h e  normal-to-ply o r i e n t a t i o n  exh ib i t ed  a  much g r e a t e r  
expansion and shr inkage  than t h e  pa ra l l e l - t o -p ly  d i r e c t i o n .  
C. TASK I1 - NOZZLE AND INSULATION SYSTEM EVALUATION 
1. Tes t  Plan 
a.  Nozzle Ma te r i a l  Evaluat ion 
The two low-cost a b l a t i v e  nozzles  were sub jec t ed  t o  
s p e c i a l  i r lspect ion procedures p r i o r  t o  i n s  t a l l a t i o n  on the  t e s t  motors. 
These opera t ions  were intended t o  f u l l y  document the " a s - b u i l t ' h o z z l e  con- 
f5guration, The f i r s t  i n s p e c t i o n  was i n  t he  form of manual measurement and 
napping of the a b l a t i v e  i n t e r i o r  s u r f a c e .  These p r e t e s t  re ference  dimensions 
would be compared wi th  p o s t t e s t  measurements taken i n  an identical fash ion  t o  
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accu ra t e ly  determine t h e  s u r f a c e  m a t e r i a l  l o s t  during the  t e s t .  Figure 29  
shows t h i s  i n spec t ion  being accomplished on t h e  LCAN-01 nozzle  with the u s e  
of a Por tage  l ayou t  gage. It w a s  planned t o  s e c t i o n  t h e  nozz les  f o l i m i n g  
the p o s t t e s t  p r o f i l e  mapping t o  al low measurement of t he  char  depth acd 
thermal degraded ma te r i a l .  
A s  an added assurance  t h a t  v a l i d  a b l a t i v e  l i n e r  erosion 
da ta  could be  obtained,  t h e  nozz le  assembly was X-rayed be fo re  each test, 
The th ickness  of each l i n e r  may b e  accu ra t e ly  determined i n  t h i s  manner us ing  
r e fe rence  scale-blocks (pentrometers) .  These X-rays were t o  b e  dup l i ca t e2  
fol lowing the  t e s t  i f  f o r  any reason t h e  p o s t t e s t  p r o f i l e  measurements were 
ques t i onab le  o r  unobtainable .  
b. Determination of Abla tor  Thermal Gradient  
Four instrumented thermal sensors  were f a b r i c a t e d  ard 
i n s t a l l e d  i n  t he  f i r s t  nozz le .  Each sensor  assembly used a 0.50-in,- .dia 
(1.27 cm) plug (machined from a s e c t i o n  of t h e  a b l a t i v e  m a t e r i a l  i t  was t o  
be  i n s t a l l e d  i n )  a s  t he  body of t h e  device.  These temperature sensing probes 
were developed by Aeroje t  on an A i r  Force sponsored program'2) t o  measure the 
thermal response of t h e  a b l a t i v e  m a t e r i a l s .  These d a t a  were intended t o  
v e r i f y  ( o r  provide a b a s i s  f o r  modifying) t h e  a n a l y t i c a l  p red ic t ions  of the 
a b l a t i o n  and char r ing  response of composite m a t e r i a l s .  
Three of t h e  thermal sens ing  plugs had fou r  thermo- 
couples (two chromel/alumel, and two W-3 rhenium/W-25 rhenium) and 15 
e u t e c t i c  s enso r s  i n s t a l l e d ;  t he  f o u r t h  plug had only t h r e e  thermocouples ( ~ w o  
each chromel/alumel, and one each W-3 rheniump-25 rhenium). The thermo- 
couples were made of very  f i n e  wi re  wi th  a welded junc t ion  a t  t he  center cf 
t h e  plug;  leadwires  were routed normal t o  t he  d i r e c t i o n  of h e a t  f low,  T'hls 
design provides a very h igh  measurement response r a t e  and increased  data 
accuracy a s  h e a t  conduction away from t h e  hot - junc t ion  is  minimized. The 
tungsten-rhenium thermocouples can accu ra t e ly  measure temperatures t o  a p ~ ~ r o x i -  
mately 420Q°F (259O0K) and a r e  placed c l o s e s t  t o  t he  expected e ros ien  surface; 
t h e  chromel-alumel thermocouples a r e  used t o  measure temperatures t o  240C0? 
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(1590°K) and are p o s i t i o n e d  a d j a c e n t  t o  t h e  maximum expected c h a r  p e n e t r a t i o n  
depth, 
The e u t e c t i c  s e n s o r s  p r o v i d e  a  h i g h  t empera tu re  s e n s i n g  
capability i n  e x c e s s  of t h e  thermocouples.  These mic ro  s e n s o r s  were developed 
tinder c o n t r a c t  a s  d e s c r i b e d  i n  Refe rence  (5) . Each micro s e n s o r  c o n s i s t s  of a  
0 ,030- in , -d ia  (0.076 cm) by 0 .010- in . - th ick (0.025 cm) g r a p h i t e  cup (wi th  
cover) f i l l e d  w i t h  a metal-carbon o r  carbide-carbon e u t e c t i c  powder composit ion 
Plaving a we91 d e f i n e d  m e l t i n g  p o i n t .  Rad iograph ic  examinat ion o f  t h e  s e n s o r s ,  
before and a f t e r  t h e  f i r i n g ,  de te rmines  whether  t h e  t r a n s i t i o n  t empera tu re  o f  
each p a r t i c u l a r  e u t e c t i c  composi t ion was o r  was n o t  r eached .  
A t y p i c a l  the rmal  s e n s o r  assembly i s  shown i n  F i g u r e  30 
ar,d clcpic ts  how t h e  t h e n o c o u p l e s  and e u t e c t i c  s e n s o r s  a r e  i n s t a l l e d  i n  t h e  
ablative plug .  Each completed p l u g  was bonded i n t o  a d r i l l e d  h o l e  i n  t h e  
nozz l e  l i n e r  i n s e r t  w i t h  i t s  t o p  f a c e  f l u s h  w i t h  t h e  i n s i d e  s u r f a c e  of t h e  
;tbla"r, 
c. S t a t i c  T e s t  F i r i n g  Procedure  
A d e t a i l e d  s t a t i c  t e s t  f i r i n g  p l a n  ( P r o j e c t  D i r e c t i v e  
No, LCAV-05, Rev is ions  1 and 2 )  was p r e p a r e d  which d e f i n e d  t h e  requ i rements  of 
each test, The p r i n c i p a l  f e a t u r e s  of t h i s  t e s t  p l a n  a r e  o u t l i n e d  below: 
(1) The assembled n o z z l e - t e s t  motors were i n s t a l l e d  on 
s horizontal b a l l i s t i c  test  f i x t u r e .  
(2) The motors  were main ta ined  a t  a t empera tu re  of 80 
+ 5 ' ~  (308 + 258OK) f o r  a t  least 48 h r  p r i o r  t o  t h e  t e s t  and u n t i l  T-2 h r  on 
-- - 
the coimtdown. 
(3) Chamber p r e s s u r e  w a s  measured by t h r e e  t r a n s d u c e r s  
i n s t a l L e d  on t h e  i g n i t e r  a d a p t e r .  
( 4 )  Two channe l s  of a x i a l  t h r u s t  were recorded .  
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(5) Thermocouples were spot-welded t o  t he  motor case 
and t o  the  nozz le  s h e l l  a t  loca t ions  where t h e  maximum hea t ing  was exaecced, 
Twenty thermocouples were placed on Motor LCAN-02 a s  compared t o  ten on 
Motor LCAN-01. 
( 6 )  The 15 s p e c i a l  thermocouples i n  t h e  four  a b l a t i v e  
thermal s enso r s  (LCAN-01 only) were connected t o  t h e  d a t a  recording systen7, 
(7) A Beckman 210 ana log- to-d ig i ta l  conversion <LCC> 
u n i t  was t h e  primary d a t a  record ing  system. Data were recorded on rnagi?e;ic 
tape  f o r  subsequent computer reduct ion  and p l o t t i n g .  A l l  major parameters 
were a l s o  recorded on a  C.E.C. Model S-119 osc i l l og raph .  
(8) A quench system w a s  provided t h a t  was intended c-o 
f l u s h  the  chamber i n t e r i o r  wi th  CO s h o r t l y  a f t e r  p rope l l an t  burnout for ex- 2 
tinguishment of r e s i d u a l  i n s u l a t i o n  burning and f o r  chamber cool ing ,  
( 9 )  Motion p i c t u r e  coverage cons is ted  of s i x  high-speed 
(200 and 64 fps )  cameras ope ra t ing  over  t h e  du ra t ion  of t h e  t e s t .  
2. Motor LCAN-01 Tes t  Resu l t s  
The f i r s t  nozz le  t e s t  motor was s t a t i c a l l y  t e s t  f i r e d  on 22 
January 1970. The t e s t  was conducted a t  t h e  Aeroje t  So l id  Propulsion C o ~ p a r y  
P-3 t e s t  s t and  i n  accordance wi th  t h e  t e s t  p lan  summarized i n  the  precedEng 
sec t ion .  The motor i s  shown j u s t  p r i o r  t o  f i r i n g  i n  F igure  31. The = r i n g  
r e s u l t e d  i n  a  f a i l u r e  of t h e  p re s su re  v e s s e l  a t  T + 5.635 s e c  because cf zb- 
normal exposure of t h e  case w a l l  t o  high temperature gases .  Because of t h e  
premature te rmina t ion  of t h e  t e s t ,  no u s e f u l  nozz le  performance data  were 
obtained.  Discussions of t h e  t e s t  r e s u l t s ,  probable cause of t he  failcre 
and conclusions and recommendations formulated a r e  provided i n  t he  followLng 
paragraphs. 
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a .  T e s t  R e s u l t s  
E x c e l l e n t  motion p i c t u r e  documentat ion and recorded  d a t a  
were ~ b t a i n e d  t h a t  d e s c r i b e  t h e  sequence of e v e n t s  l e a d i n g  t o  t h e  f i n a l  f a i l u r e .  
Ignition was normal,  and t h e  smooth p r e s s u r e  t r a c e  (F igure  32) peaked a t  615 
2 psia "424 ~ / c m  ) ,  a lmos t  e x a c t l y  a s  p r e d i c t e d .  At 0.315 s e c ,  a n  abnormal 
pressure r i s e  was measured by t h e  two t r a n s d u c e r s  (P -1 and P -2) mounted on 
C C 
a cenmon boss  a t  t h e  o u t e r  p e r i p h e r y  of t h e  i g n i t e r  a d a p t e r  ( F i g u r e  3 3 ) .  The 
2  pressure recorded  by t h e s e  Ewo s e n s o r s  i n c r e a s e d  from 601  p s i a  (414 N/cm ) a t  
2 0,315 s e c  t o  890 p s i a  (614 N/cm ) a t  0.940 s e c ,  a t  which t ime  an a b r u p t  drop 
occurzed,  fo l lowed  by t h r e e  l e s s e r  p r e s s u r e  r e d u c t i o n s  a t  1 .60 ,  2.16 and 3.42 
s e c ,  The measured t h r u s t  d a t a  do n o t  show i n c r e a s e s  o r  d e c r e a s e s  w i t h  p res -  
s u r e ,  o r  i n  f a c t  show any s i g n i f i c a n t  r esponse  t o  changes i n  p r e s s u r e .  Follow- 
i n g  t h e  l a s t  p r e s s u r e  drop sensed  by P -1 and -2 ( a t  3.42 s e c ) ,  t h e  o u t p u t  of 
C 
these t r a n s d u c e r s  and t h e  i g n i t e r  p r e s s u r e  (P . )  i n s t r u m e n t  were t h e  same. 
1 
Previous to t h i s  t ime ,  P .  ( t r a n s m i t t e d  through t h e  c e n t e r  of t h e  i g n i t e r )  d i d  
1 
not sense t h e  s h a r p  p r e s s u r e  i n c r e a s e  o r  d rops  d e s c r i b e d  above,  b u t  con t inued  
t o  n e a s u r e  a  smooth r e g r e s s i o n  as t h e  i g n i t e r  g r a i n  burned o u t .  T h i s  sequence 
of e v e n t s  was i m p o r t a n t  i n  t h e  f a i l u r e  a n a l y s i s ,  which i s  d e s c r i b e d  i n  S e c t i o n  
I i I , C , 2 ' . b ,  
The recorded  chamber p r e s s u r e  was smooth, s l i g h t l y  r e -  
L g r e s s i v e ,  and about  25 p s i  (17.3 N/cm ) below t h e  p r e d i c t e d  l e v e l  from 3.42 s e c  
until the  chamber f a i l e d  a t  5.635 s e c .  At no t ime was t h e r e  any i n d i c a t i o n  of 
any s i g n i f i c a n t  a d d i t i o n a l  p r o p e l l a n t  s u r f a c e  burn ing .  P r e s s u r e  and t h r u s t  
data f o r  the  f u l l  motor d u r a t i o n  a r e  p l o t t e d  i n  F i g u r e  34. 
The h i g h  speed  movie f i l m  c l e a r l y  p o r t r a y s  t h e  f i r s t  
charber  burnthrough.  T h i s  e v e n t  occur red  a t  about  T 4- 2 - 3  s e c ,  a s  determined 
from a f i l m  frame count .  The i n i t i a l  f a i l u r e  p o i n t  was l o c a t e d  a t  t h e  forward 
equator and a t  about  20 d e g r e e s  (0.35 r a d )  c lockwise  from t h e  t o p  of t h e  c a s e  
(stacding a f t ,  look ing  fo rward) .  Flame and exhaus t  g a s e s  con t inued  t o  j e t  
 fro^ t h i s  s m a l l  h o l e  u n t i l  t h e  f i n a l  c a s e  f a i l u r e .  The major chamber burn- 
through, and subsequen t  v i o l e n t  r u p t u r e ,  i n i t i a t e d  on t h e  lower r i g h t  hand 
side (160 to  170 degrees )  (2.79 t o  2.97 r a d )  of t h e  chamber j u s t  forward of 
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t h e  c e n t e r  r a d i a l  weld. The f i l m  exposure i s  too dark  t o  d i sce rn  d isco lora-  
t i o n  of t h e  dark green primer on t h e  chamber p r i o r  t o  t h e  f a i l u r e ;  however, 
one smal l  a r e a  oppos i te  t he  l o c a t i o n  of t he  major burnthrough is  seen t o  bc 
smoking and an orange glow appears  immediately p r i o r  t o  t he  gross  f a i l c r e ,  
The nozz le  and a f t  6  f t  (1.83 m) of chamber were tbe 
only motor p a r t s  remaining i n  t h e  t e s t  s t and  (Figure 35) .  Large s e c t i o n s  s f  
t he  f a i l e d  chamber were found i n  t h e  gene ra l  t e s t  v i c i n i t y ,  some up t o  403 ft 
(121 .9  m) away. One fragment showed d e f i n i t e  evidence of a  h igh  tenperatdre-  
type f a i l u r e ,  having smooth f ea the red  edges t y p i c a l  of a  d u c t i l e  f r a c t u r e  w i t h  
evidence of some flow-induced eros ion .  This  p iece  was probably from the  area 
of t h e  major f a i l u r e  and i s  shown i n  F igure  36. Note t h e  absence of any 
IBT-106 i n s u l a t i o n  on t h e  i n s i d e  s u r f a c e  of t h i s  s e c t i o n .  
A l l  o t h e r  l a r g e  meta l  p i eces  evidenced only t e a r r n g  3r 
b r i t t l e - f r a c t u r e  type  edges. Most p i eces  had p a t t e r n s  of severe  p r i m e r  d i s -  
c o l o r a t i o n  o r  o t h e r  evidence of high-temperature exposure on t h e  ou t s ide  of 
t he  case  where the  major rup tu re  occurred.  Very l i t t l e  of t h e  IBT-I06 s i d e -  
w a l l  i n s u l a t i o n  remained on any of t h e  recovered fragments.  I n  t he  f e w  cases 
where i t  d id ,  t h e  primed m e t a l  on t h e  oppos i te  s u r f a c e  was n o t  marred, 
The forward i g n i t e r  boss of t h e  motor, wi th  t he  igniter 
adapter  s t i l l  i n s t a l l e d ,  was recovered. The forward s e c t i o n  of t he  adapter 
showed evidence of a  d e f i n i t e  gas-flow p a t t e r n ,  from outboard toward the  
c e n t e r  and gene ra l ly  inc luding  a  150 degree (2.62 rad)  segment c e n t e r e l  about 
t h e  160 degree (2.79 rad)  r a d i a l .  
Some f a i r l y  l a r g e  segments of IBT-106 i n s u l a t i o n  w e r e  
found i n  t h e  t e s t  bay. A l l  were too seve re ly  damaged by t h e  pos t  f a i l u r e  heat 
and water  exposure t o  permit  u s e f u l  a n a l y s i s .  Unburned and well-bonded pro-  
p e l l a n t  was found on one p i ece  of i n s u l a t i o n .  
b .  Analysis  of t h e  Motor F a i l u r e  
From a n a l y s i s  of t he  evidence provided by the  recorded 
d a t a ,  movie f i lm ,  and t h e  recovered motor fragments,  t h e  sequence s f  evecrs 
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within t h e  motor l e a d i n g  t o  t h e  f a i l u r e  can be  e s t a b l i s h e d .  The mechanics of 
e x a c t l y  how t h e  f i r s t  h o t  g a s  l o c a l l y  i g n i t e d  p r o p e l l a n t  bonded t o  t h e  forward 
ooot o r  f,o t h e  chamber i n s u l a t i o n  is  n o t  a b s o l u t e l y  known. The conc lus ions  
reached and d i s c u s s e d  below a r e  based on  a knowledge of t h e  a s - b u i l t  motor 
c o c f i g u r s t i o n  and a thorough rev iew of t h e  r a d i o g r a p h i c  f i l m  and o t h e r  NDT 
r e s u l t ;  . 
The c o n f i g u r a t i o n  of t h e  fo rward  s e c t i o n  of t h e  motor ,  
s v q i t h  i g n i t e r  i n s t a l l e d ,  must b e  unders tood  t o  s u b s t a n t i a t e  t h e  f a i l u r e  sequence.  
A; s e e 2  i n  F i g u r e  33,  t h e  i g n i t e r  is  p o s i t i o n e d  w i t h i n  a  Gen-Gard V-44 r u b b e r  
s l e e v e ,  which i s  bonded by epoxy a d h e s i v e  t o  t h e  IBT-106 forward b o o t .  The 
n ~ m i n a l  0.3, of t h e  i g n i t e r  a d a p t e r  is  4.680 i n .  (11.9 cm), and t h e  nominal 
I,D, 3.f t h e  V-44 s l e e v e  is  4.650 i n .  (41.8  cm). T h i s  c o n d i t i o n  of p o t e n t i a l  
i n t e r f e r e n c e  is  i d e n t i c a l  t o  t h a t  of t h e  A l g o l  I IA and I I B  motor d e s i g n s ,  and 
actual IIB components were used i n  t h i s  a r e a .  By examinat ion,  i n  F i g u r e  33,  
of t h e  r e l a t i o n s h i p  o f  t h e  i g n i t e r  a d a p t e r  t o  t h e  b o o t - r e l e a s e  a r e a ,  t h e  P -1 
C 
a?d -2 p r e s s u r e  p o r t ,  and the s l e e v e  bond j o i n t ,  one can r e a d i l y  s e e  how t h e  
v a i d  in back of t h e  b o o t  can be  i s o l a t e d  from t h e  rest of t h e  chamber b o r e .  
Any gases b e i n g  g e n e r a t e d  by p r o p e l l a n t  burn ing  a t  a n  abnormal l o c a t i o n ,  any- 
-mere from t h e  b o o t - r e l e a s e  p o i n t  t o  t h e  sleeve-bond i n t e r f a c e ,  a r e  e s s e n t i a l l y  
:rapped beh ind  t h e  b o o t  because  of t h e  l i m i t e d  c l e a r a n c e  ( o r  even i n t e r f e r e n c e )  
between the i g n i t e r  a d a p t e r  and t h e  V-44 s l e e v e .  T h i s  i s  t h e  c o n d i t i o n  t h a t  
eiriszot. i n  t h e  motor from 0.315 s e c ,  when P -1 and -2 f i r s t  i n d i c a t e d  t h e  
C 
abrupt p r e s s u r e  rise, u n t i l  0.940 s e c ,  when e r o s i o n  o r  burnthrough of i g n i t e r  
components f i r s t  r e l i e v e d  t h i s  l o c a l i z e d  p r e s s u r e .  
The most l o g i c a l  l o c a t i o n  t o  s u s p e c t  t h e  f i r s t  hot-gas  
~enetrztion t o  t h e  p r o p e l l a n t  s u r f a c e  i s  through u n d e t e c t e d  d e f e c t s  i n  t h e  
a d i e s l v e  bond l i n e  between t h e  V-44 s l e e v e  and t h e  forward b o o t .  However, 
r e su l t ;  of X-ray and v i s u a l  i n s p e c t i o n  do n o t  r e v e a l  t h i s  t o  be  a  s u s p e c t  a r e a .  
'The boat i t s e l f  i s  known t o  have been g r e a t e r  t h a n  d e s i g n  t h i c k n e s s ,  and no 
evidence of v o i d s  o r  i n t e r n a l  d i s c r e p a n c i e s  t h a t  could  p r e s e n t  a  gas-path were 
disco ~ e r e d  2n e i t h e r  t h e  p r e c a s t  o r  p o s t c a s t  X-rays. 
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When t h e  p re s su re  behind t h e  boot  had increased  t o  its 
L 
maximum l e v e l  of 890 p s i a  (614 N/cm ) a t  0.94 s e c ,  a  p re s su re  d i f f e r e n t 2 e l  s f  
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about 310 p s i  (214 N/cm ) e x i s t e d  a t  t h e  chamber equator ,  o r  end of the 503t 
r e l e a s e  su r f ace .  The r e s u l t i n g  af tward fo rce ,  which tended t o  f u r t h e r  m e n  
the  boot  s epa ra t ion ,  was probably s u f f i c i e n t  t o  cause propagat ion of t he  
r e l e a s e  l i n e  u n t i l  t h e  p re s su re  found o r  opened a pa th  t o  t he  p rope l l an t  sur- 
f a c e  a t  o r  nea r  t he  f i r s t -obse rved  case  burnthrough i n  t h e  upper,  for-war&- 
equator  a r ea .  I g n i t i o n  of a smal l ,  l o c a l i z e d ,  and confined p rope l l an t  s s r f a c e  
would tend t o  produce a  torch ing  e f f e c t ,  quickly burning through t h e  i g s c l a t i o n  
and case  w a l l .  
The same mechanism, a s u b s t a n t i a l  p re s su re  d i f f e r e r t i a l  
and a  gas pa th  t o  t he  case w a l l ,  was r e spons ib l e  f o r  t h e  gross  fa i l ra re  experi-  
enced a t  5.635 sec .  A t  t h e  a r e a  where t h e  chamber even tua l ly  burned-throelgh 
and r u p t u r e  i n i t i a t e d ,  ( a  s i g n i f i c a n t  d i s t a n c e  down t h e  case  from the  original 
burnthrough),  p rope l l an t  aga in  must have been i g n i t e d  and t h e  r e s u l t i n g  failure 
was i n e v i t a b l e .  Most l i k e l y ,  t h i s  i g n i t i o n  occurred a t  a  l o c a t i o n  where t h e  
i n s u l a t i o n  f r a c t u r e d  because of h igh  bond-strength a reas  e x i s t i n g  adjace-,s to 
those  of l e s s e r  q u a l i t y .  
Because l i t t l e  i n s u l a t i o n  was found on any of the ckambee- 
fragments and because of t h e  n a t u r e  of t h e  midchamber overheat ing c o n d i t ~ o n ,  i: 
poor s teel- to-primer ( F u l l e r  162-Y-22) bond, o r  cohesive f a i l u r e  w i th in  ;be 
primer i t s e l f ,  is t h e  most probable c o n t r i b u t o r  t o  t he  progress ive  mode of 
f a i l u r e .  Small p ieces  of t h e  IBT-106 m a t e r i a l  s t i l l  bonded t o  t h e  steel case 
could be  pu l l ed  of f  without  too much d i f f i c u l t y ,  and t h e  primer would g e ~ e r a l 1 - y  
come of f  w i th  i t ,  s t i l l  adhering t o  t h e  i n s u l a t i o n .  An i n v e s t i g a t i o n  oi data 
concerning p r i o r  use of t h e  F u l l e r  primer revea led  t h a t  during the  260SL-3 
nozzle  f a b r i c a t i o n  process ,  i n c o n s i s t e n t  and sometimes very low peel and shear  
s t r e n g t h s  r e s u l t e d  f o r  t e s t  specimens prepared a t  d i f f e r e n t  times o r  fro? 
d i f f e r e n t  l o t s  of primer.  For t h i s  reason,  t he  F u l l e r  primer was no t  used t o  
p r o t e c t  t he  inne r  s u r f a c e  of t h e  SL-3 nozz le  s h e l l .  I n  t he  Algol  t e s t  mo to r  
a p p l i c a t i o n ,  under normal ope ra t ion  condi t ions ,  t h e r e  i s  no loading nechezis~ 
causing a  s t r e s s  a t  t he  bond i n t e r f a c e .  Therefore,  s e l e c t i o n  of the p r l - e r  wzs 
n o t  based on a  requirement f o r  excep t iona l  adhesive q u a l i t i e s .  
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2  It is  concluded t h a t  t h e  310 p s i  (216 M/cm ) d i f f e r e n t i a l  
p r e s s u r e  a c r o s s  t h e  g r a i n  found a p a t h  t o  t h e  chamber w a l l  i n  t h e  a r e a  of t h e  
e q u a t z r  and r a p i d l y  p e e l e d  t h e  i n s u l a t i o n  away from t h e  c a s e .  I n  e f f e c t ,  a  
condition approaching a  f r e e - s t a n d i n g  g r a i n  e x i s t e d  over  a  l a r g e  p o r t i o n  of 
t o e  motor j u s t  p r i o r  t o  f a i l u r e .  
I n  an  a t t e m p t  t o  de te rmine  whether  a  g r o s s  bonding in-  
adequacy e x i s t e d  w i t h i n  t h e  s t e e P / p r i m e r / I ~ ~ - 1 0 6  i n t e r f a c e ,  s e v e r a l  double- 
 late--:ensile (DPT) and s h e a r  specimens were p repared .  P r imer  from t h e  a c t u a l  
l3t of 162.-Y-22 material used i n  t h e  motor was b rushed  on 2 x 2 i n .  ( 5 . 1  x  
5-1 CP: t e s t  p l a t e s  and cured  p r i o r  t o  IBT-106 a p p l i c a t i o n .  Motor p r o c e s s i n g  
~rocedires were fo l lowed  e x c e p t  where t h e  s u r f a c e s  were d e l i b e r a t e l y  contami- 
n a t e d  o r  the pr imer  p u t  on i n  an  e x c e s s i v e  (4X) t h i c k n e s s .  The r e s u l t s  
2 (Tab ie  27)  show a minimum bond s t r e n g t h  of 371 p s i  (256 N/cm ) w i t h  n e a r l y  a l l  
Z a i l u r e s  o c c u r r i n g  w i t h i n  t h e  IBT-106. Some pr imer  came o f f  w i t h  t h e  IBT on 
selected samples ,  b u t  n o t  t o  t h e  e x t e n t  t h a t  might have been expec ted ,  based  
oa t"ie appearance of t h e  chamber f ragments ,  The 0 .10- in . - th ick (0.25 cm) s t e e l  
r e s t  ? S a t e s  b e n t  on a l l  t e n s i l e  samples p r i o r  t o  f i n a l  s e p a r a t i o n  of t h e  two 
halves of t h e  specimen, a t t e s t i n g  t o  t h e  s t r e n g t h  of t h e  bond and probably  con- 
Er ibu t ing  t o  premature  f a i l u r e  of t h e  samples .  U n f o r t u n a t e l y ,  t h e r e  i s  no 
convenient l a b o r a t o r y  method of r e a l i s t i c a l l y  d u p l i c a t i n g  t h e  pee l - type  f a i l u r e  
o r  s f  c h a r a c z e r i z i n g  t h e  p e e l  s t r e n g t h  of t h e  pr imer-case  bond. I n  summary, a  
p o t e n s f a 1  motor p r o c e s s i n g  t echn ique  which could  have r e s u l t e d  i n  poor  i n s u l a -  
t i o n  bond s t r e n g t h  could  n o t  b e  d u p l i c a t e d  i n  t h e  l a b o r a t o r y .  
c .  S i g n i f i c a n c e  of t h e  F a i l u r e  
Even though t h e  n o z z l e  was r e c o v e r e d  i n t a c t ,  and essen-  
tf a l i y  undamaged, no  v a l i d  a b l a t i v e  performance d a t a  were  o b t a i n e d .  The 
elitended and s e v e r e  h e a t  soak  caused by r e s i d u a l  p r o p e l l a n t  burn ing  i n  t h e  
afz s e c t i o n  of t h e  motor produced c h a r r i n g  i n  t h e  a b l a t i v e s  t h a t  is i n c o n s i s -  
t e n t  with any s e r v i c e  c o n d i t i o n  and is  u n d e f i n a b l e .  
The f a i l u r e  of Motor LCAN-01 r a i s e d  q u e s t i o n s  concerning 
rhe condition of t h e  second motor ,  which was p rocessed  i n  an  i d e n t i c a l  f a s h i o n .  
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To e l i m i n a t e  t he  chance of an i n s u l a t i o n  o r  boot  d e f e c t  i n i t i a t i n g  anozher 
malfunct ion,  s e v e r a l  modi f ica t ions  were proposed and accomplished with the 
approval  of t h e  NASA-LeRc program manager. A dec i s ion  was a l s o  made ta r e b u i l d  
4 t rarce  t h e  second nozz le  t o  permit  eva lua t ion  of t h e  carbon-s i l ica  t h r o a t  and e-. 
s e c t i o n .  These changes were d iscussed  i n  Sec t ion  I I I .B .3 .d .  
3. Motor LCAN-02 Tes t  Resul t s  
a.  Summary of Tes t  Resul t s  
The second nozz le  eva lua t ion  motor (LCAN-02) was s r a t i -  
c a l l y  t e s t  f i r e d  on 2 J u l y  1970. Motor performance was normal f o r  the f i r s t  
28.6 s e c  of ope ra t ion .  A burnthrough on t h e  nozz le  en t r ance  s e c t i o n  accxrre6 
a t  t h i s  t ime, and t h e  throat-and-exi t  cone assembly was e j e c t e d  near  t h e  end 
of t h e  t a i l o f f  phase. S u f f i c i e n t  d a t a  were obta ined  t o  al low eva lua t ion  of 
t he  m a t e r i a l s  under cons ide ra t ion  and t h e  accomplishment of most t e s t  objec- 
t i v e s .  
Performance of t h e  p rope l l an t  g r a i n / i n s u l a t i o n  system 
was s a t i s f a c t o r y ,  demonstrating t h e  p o t e n t i a l  of t h e  t rowelable  insrrlaePen anc 
boot  concept. 
The nozz le  f a i l u r e  was t h e  r e s u l t  of an  abnorn~al ly high 
m a t e r i a l  l o s s  r a t e  i n  t he  carbon-s i l ica  phenol ic  en t rance  s e c t i o n  a t  the  area 
of maximum exhaust  s t ream impingement ( i n  l i n e  wi th  the  g r a i n  v a l l e y s ) ,  The 
average e ros ion  a t  t he  nozz le  t h r o a t  was e s s e n t i a l l y  a s  p red ic t ed ,  as evidenced 
by recovered t h r o a t  fragments and t h e  r e s u l t s  of a  computer c a l c u l a t i o n  c f  
t h r o a t  a r e a  based on measured chamber p re s su re  and t h r u s t .  Perforrnarce cf t he  
s i l i c a -  and canvas duck-phenolic e x i t  cone l i n e r  was very  s a t i s f a c t o r y .  Eros- 
ion  and char  r a t e s  were obta ined  from t h e  recovered and r e l a t i v e l y  undamaged 
s e c t i o n s  of t h i s  assembly. 
Despi te  t h e  f o u r  burnthrough a reas  forward of t h e  -azzle 
t h r o a t  s e c t i o n ,  t h e  remainder of t h e  nozzle  and e x i t  cone assembly remalrec 
a t t ached  t o  t h e  s t r u c t u r a l  s h e l l  u n t i l  45.8 s e c ,  w e l l  i n t o  the t a i l o f f  p o r r i a t  
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of the f r i r ing ,  The a c t u a l  t i m e  of s e p a r a t i o n  was e s t a b l i s h e d  by a  d i s t u r b a n c e  
seen i~ the t h r u s t  t r a c e  and was confirmed by rev iew of t h e  movie f i l m .  The 
2  
cnamber p r e s s u r e  was a b o u t  90 p s i g  (62 N/cm ) a t  t h e  t i m e  of n o z z l e  s e p a r a t i o n .  
S e v e r a l  h o t  s p o t s  on t h e  c a s e ,  n o t a b l y  a t  90 and 270 
degrees (1-57 and 4 .71  rad)  (0 d e g r e e  be ing  a t  t h e  top)  and g a n e r a l l y  i n  t h e  
a f t  L / L  p o r t i o n  of t h e  motor,  appeared d u r i n g  t h e  p o s t t e s t  heat -soak p e r i o d .  
The ~ ~ o z z l e  m a l f u n c t i o n  rendered  t h e  quench system i n o p e r a b l e  s o  t h a t  no pos t -  
t e s t  i a t e r n a l  c o o l i n g  was ach ieved  as programed. 
b .  D i s c u s s i o n  o f  t h e  T e s t  R e s u l t s  
(1) I g n i t i o n  
I g n i t i o n  was smooth and n e a r l y  i d e n t i c a l  t o  b o t h  
zhe predicted pressure - t ime  t r a c e  and t h e  i g n i t i o n  t r a n s i e n t  of Motor LCAN-01. 
2  
a aaxr-mum p r e s s u r e  of 616 p s i a  (425 N/cm ) was recorded  a t  0.280 s e c ,  
(2) Motor Performance 
B a l l i s t i c  performance of t h e  motor d u r i n g  t h e  f i r s t  
2 3 - 6  sec was normal,  a l though  t h e  chamber p r e s s u r e  d u r i n g  t h e  i n i t i a l  p o r t i o n  
or the test was lower  t h a n  expec ted .  T h i s  i s  t h e  r e s u l t  of t h e  e r o s i v e  burn- 
r ~ g  effect, as programed i n  t h e  b a l l i s t i c  p r e d i c t i o n  a n a l y s i s ,  n o t  be ing  as 
savere o r  p r e v a i l i n g  as long  as a n t i c i p a t e d .  Otherwise ,  performance was 
smooth and e s s e n t i a l l y  as p r e d i c t e d .  For  example, a t  T + 28 s e c ,  j u s t  p r i o r  
t o  the  n ~ z z l e  burn th rough ,  t h e  p r e d i c t e d  p r e s s u r e  and t h r u s t  were 525 p s i a  
2 (362 N!cm 3 and 107,685 l b f  (479 KN) , r e s p e c t i v e l y ;  measured v a l u e s  were 520 
2  psia :358 NJcm ) and 107,928 I b f  (485 K N ) .  There  was no ev idence  of any 
anomaly i n  t h e  g r a i n - i n s u l a t i o n - b o o t  sys tem as was exper ienced  on t h e  f i r s t  
motor  test, v e r i f y i n g  t h e  adequacy of t h e  rework p e r f o m e d .  The p r e s s u r e -  and 
thyus:-vs-time p l o t s  a r e  shown i n  F i g u r e  37 .  
A t  approx imate ly  T + 2 8 , 6  s e c  t h e  f i r s t  burnthrough 
of t h e  n e z z l e  occur red  j u s t  forward of t h e  t h r o a t  i n s e r t  at t h e  180 degree  
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(3.14 rad)  p o s i t i o n  (bottom of t h e  nozz le ) .  This  i n i t i a l  f a i l u r e  w a s  almost 
immediately followed by s i m i l a r  burnthroughs a t  t h e  o t h e r  t h r e e  l o c a t i o n s  i n  
l i n e  w i t h  v a l l e y s  of t h e  p r o p e l l a n t  g r a i n  a t  0 ,  90, and 270 degrees (0 ,  1 .57,  
and 4.71 r a d ) .  The average chamber p r e s s u r e  over t h e  du ra t ion  p r i o r  t o  f a i l u r e  
2 
was 522.5 p s i a  (360 ~ / c m  ). Web burnout occurred a t  T + 38.4 s e c ,  s l i g h t l y  
l e s s  than t h e  des i r ed  40 sec .  B a l l i s t i c  performance d a t a  a r e  summarized i n  
Table 28. 
(3) Nozzle Ma te r i a l  Evaluat ion 
The photograph shown i n  F igure  38  documents t h e  
n a t u r e  of t h e  nozz le  f a i l u r e .  The o r i e n t a t i o n  of t h e  nozz le  r e l a t i v e  t o  t h e  
v a l l e y s  of t h e  p r o p e l l a n t  g r a i n  i s  obvious and is a major cause con t r ibu t ing  
t o  t h e  b u m  through. 
(a) E x i t  Cone 
The e n t i r e  e x i t  cone w a s  recovered i n  t h r e e  
major p i eces  and w a s  i n  very  good condi t ion  cons ider ing  t h e  thermal and 
dynamic environments t o  which i t  was exposed. The e ros ion  of t h e  MX-2600-96 
s i l i c a  and t h e  4KXD02 canvas-phenolic flame l i n e r  was less than p red ic t ed  wi th  
l i t t l e  evidence of l o c a l  h igh  l o s s  r a t e s  ( o r  gouging). No delaminat ions were 
p re sen t .  The s i l i c a  forward i n s u l a t o r  blended smoothly i n t o  t h e  canvas s e c t i o n  
i n d i c a t i n g  a common l o s s  r a t e  a t  t h i s  i n t e r f a c e .  The e x i t  cone was sec t ioned  
a t  two l o n g i t u d i n a l  l o c a t i o n s ,  45 degrees a p a r t  (0.79 r a d ) ,  and measurements 
were taken of t h e  remaining v i r g i n  m a t e r i a l  and char  depth. Because of t h e  
cha r r ing  of t h e  e x i t  cone e x t e r i o r  su r f ace ,  t h e  overwrap i n t e r i o r  i n t e r f a c e  
was used as t h e  r e f e rence  i n  determining t h e  remaining m a t e r i a l  th ickness .  
The measured e x i t  cone performance d a t a ,  
inc luding  t o t a l  m a t e r i a l  l o s s ,  cha r  depth and r eg res s ion  r a t e  a r e  presented 
i n  Table 29. The t o t a l  t i m e  t h e  e x i t  cone w a s  a t t ached  t o  t h e  motor (45.8 sec)  
was t h e  du ra t ion  used t o  a r r i v e  a t  t h e  b a s i c  l o s s  r a t e .  There was no apprec i ab le  
d i f f e r e n c e  between measurements made a t  t h e  same a x i a l  s t a t i o n  b u t  45 degrees 
a p a r t .  A more conserva t ive  l o s s  r a t e ,  which assumes t h a t  a l l  m a t e r i a l  l o s s  
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occurred d u r i n g  web t ime  (38.4 s e c )  i s  a l s o  i n c l u d e d  f o r  comparison.  These 
erosion r a t e s  a r e  p l o t t e d  v s  area r a t i o  a long  w i t h  d a t a  from o t h e r  programs 
i n  F i g ~ r e  39 ,  No. a t t e m p t  was made t o  a d j u s t  t h e  d a t a  f o r  d i f f e r e n c e s  i n  
n:ctor o p e r a t i n g  p r e s s u r e  o r  n o z z l e  s i z e .  
A heavy, uniform,  and r a t h e r  f r a g i l e  char  was 
formed 3n t h e  i n t e r i o r  o f  t h e  canvas p o r t i o n  of t h e  e x i t  cone. T h i s  c h a r  
c o ~ l d  be e a s i l y  d i s p l a c e d  from t h e  s u r f a c e .  The s e c t i o n e d  e x i t  cone is  shown 
in F i g u r e  40, 
(b) Nozzle Throa t  
The a c t u a l  e r o s i o n  and c h a r  dep th  a t  one loca-  
tion on t h e  MSG-195 c a r b o n - s i l i c a  n o z z l e  t h r o a t  i n s e r t  was determined from 
fragments recovered  a f t e r  t h e  t e s t .  The recovered  p i e c e s  (F igure  41) were 
sectioned, and t h e  remaining m a t e r i a l  t h i c k n e s s  and c h a r  dep th  determined.  
A s  seeE on t h e  n o z z l e  performance d a t a  summary (Tab le  2 9 ) ,  a s u r f a c e  r e g r e s s i o n  
of 0,39 ire, (0 ,99 cm) a t  t h e  t h r o a t  p l a n e  o c c u r r e d  on t h i s  p a r t .  Only one 
fragment %hat  could  b e  i d e n t i f i e d  as r e p r e s e n t i n g  a complete s e c t i o n  through 
t h e  t n r o a t  was found,  a l l  o t h e r s  b e i n g  from random s e c t i o n s  of t h e  i n s e r t .  
Most pieces show ev idence  of s e v e r e  l o c a l i z e d  e r o s i o n  and gouging on t h e  forward 
s u r f a c e ,  i n d i c a t i n g  t h a t  l i t t l e  p r o t e c t i o n  was p rov ided  by t h e  e n t r a n c e  i n s e r t  
a t  locat4oas i n  l i n e  w i t h  t h e  g r a i n  v a l l e y s .  
The 0.39-in.  (0.99 cm) m a t e r i a l  l o s s  measured 
07 the  s e c t i o n  d i s c u s s e d  above most probably  r e p r e s e n t s  t h e  b e s t  performing 
p o r t i e n  of t h e  t h r o a t  i n s e r t ,  probably  i n  l i n e  w i t h  a g r a i n  r a y ,  such  a s  a t  45 
degrees (0-79 r a d ) .  It i s  d i f f i c u l t  t o  a r r i v e  a t  an  a c c u r a t e  m a t e r i a l  l o s s  
rate because  of t h e  change i n  f low c o n d i t i o n s  t h a t  occur red  subsequent  t o  burn- 
t i r o u g h  (28,6 s e c ) .  However, t h e  t h r o a t  was exposed t o  t h e  e x h a u s t  gases  u n t i l  
n o z z l e  s e p a r a t i o n  a t  45.8 s e c .  Using t h i s  d u r a t i o n  t o  de te rmine  t h e  e r o s i o n  on 
t n e  recovered  t h r o a t  f ragment  r e s u l t s  i n  a  l o s s  r a t e  of 8.5 m i l s / s e c  (0.022 
cm/sec) .  wbich i s  w e l l  below t h e  predj-c ted o v e r a l l  average  r a t e  of 41.7 m i l s / s e c  
(9,033 cm/sec).  A more r e a l i s t i c  approach i s  t o  use  t h e  web-duration (38.33 s e c ) ,  
wi.uich r e s d t s  i n  1 0 , 2  m i l s / s e c  (0.026 cm/sec) .  It  must be  r e m e ~ b e r e d ,  however, 
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t h a t  a  s u b s t a n t i a l  amount of t h e  exhaust  products  were e x i t i n g  forward of the 
t h r o a t  f o r  nea r ly  10 s e c  p r i o r  t o  web burnout.  The average p re s su re  over this 
2 per iod  was 499 p s i a  (344 N/cm ) ,  e s s e n t i a l l y  t h e  same va lue  a s  was used i n  the 
thermal a n a l y s i s  of t h e  nozzle .  It is  l o g i c a l  t o  expect  t h a t  h igher  e ros ion  
was experienced i n  a r eas  i n  l i n e  wi th  t h e  p rope l l an t  g r a i n  v a l l e y s ,  
A computer a n a l y s i s ,  which c a l c u l a t e s  t7qroat 
a r e a  vs  time based upon t h e  measured chamber p re s su re  and t h r u s t  was conducted 
f o r  t h e  p o r t i o n  of t h e  t e s t  p r i o r  t o  nozz le  burnthrough. A nozzle  e f f i c i e n c y  
cons tan t  (K ) of 0.97 was assumed f o r  t h i s  a n a l y s i s .  The r e s u l t s  indicate that f  
t h e  m a t e r i a l  l o s s  a t  t h e  t h r o a t  was e s s e n t i a l l y  a s  p red ic t ed .  The c a l c ~ l a t e d  
inc rease  i n  t h r o a t  a r e a  a t  28 s e c  w a s  14.2 s q  i n .  (36.1 sq  cm), o r  an average 
s u r f a c e  l o s s  of 0.345 i n .  (0.88 cm). This  r ep re sen t s  a  l o s s  r a t e  of 12-3 
m i l s / s e c  (0.031 cm/sec) a s  compared t o  t h e  12.7 m i l s / s e c  (0.032 cm/sec) p re -  
d i c t e d  over t h i s  du ra t ion .  
(c) Entrance Sec t ion  
The MXSC-195 carbon-s i l ica  po r t ion  of t he  
en t r ance  i n s e r t  was t h e  l o c a t i o n  of t h e  nozz le  f a i l u r e .  A very h igh ,  locallzed 
m a t e r i a l  l o s s  r a t e  a t  t h e  f o u r  p o s i t i o n s  co inc ident  wi th  t h e  g r a i n  valleys, 
where maximum gas flow and impingement occurs ,  was the  cause of t h e  failure, 
A nonstreamlined o r  t u r b u l e n t  flow condi t ion ,  caused by uneven e ros i cn  o f t t h e  
IBT-100 o r  s i l i c a  i n s u l a t o r s  ahead of t h e  carbon s i l i c a  may have aggrevated 
t h i s  a l r eady  seve re  flow condi t ion .  The motion p i c t u r e s  show the  f i r s t  burn- 
through occurr ing  ad jacent  t o  t h e  180 degree (3.14 rad)  (bottom) position near 
t h e  upstream 2 : l  a r e a  r a t i o .  F a i l u r e  a t  t h e  o t h e r  t h r e e  r a d i a l  locat ic-1s  of 
t he  en t rance  s e c t i o n  i n  l i n e  wi th  g r a i n  v a l l e y s  came s h o r t l y  a f t e r  t he  <nit931 
event .  A t  two l o c a t i o n s  on t h e  en t rance  s h e l l ,  where the  g ra in  rays  p r o v i d e d  
p r o t e c t i o n  from d i r e c t  impingement, f u l l - l e n g t h  s e c t i o n s  of t he  en t rzxce  i n s e r t  
remained i n  p l ace  f o r  t he  e n t i r e  f i r i n g  du ra t ion  and were a v a i l a b l e  f o r  analysis, 
A s e c t i o n  taken from the  l o c a t i o n  of t h e  i n i t i a l  burnthrough, about 200 degrees 
(3.45 rad)  , i s  shown i n  .F igure  42.  
A t  t h e  p ro j ec t ed  p o i n t  of f a i l u r e ,  a s i r f a c e  
r eg re s s ion  r a t e  of about 53 m i l s / s e c  (0.135 cm/sec) would have been experier.ce< 
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f j r  t'ie f a i l u r e  t o  have o c c u r r e d  when i t  d i d ,  Th is  r a t e  i s  n e a r l y  f i v e  t i m e s  
3s g r e a t  as was expec ted  and no p r e v i o u s  indust ry-wide e x p e r i e n c e  w i t h  carbon- 
- ,iltea 7 p h e n o l i c  composi tes  h a s  r e s u l t e d  i n  comparable performance.  There  were  
no known f a b r i c a t i o n  d e f i c i e n c i e s  i n  t h e  p a r t ,  and t h e  d e n s i t y  of t h e  cured 
na ter4 a" m e t  s p e c i f i c a t i o n  requ i rements .  
I t  i s  a p p a r e n t  t h a t  some mechanism o t h e r  t h a n  
t120se n o r n a l l y  p r e s e n t ,  and cons idered  i n  t h e  A e r o j e t  Char r ing  Material Abla- 
tion computer program, was t h e  r e a s o n  f o r  t h e  abnormal ly  h i g h  l o s s  r a t e .  
D i r e c t  impingement of t h e  h i g h  v e l o c i t y  exhaus t  g a s e s  c o i n c i d e n t  w i t h  t h e  
grain v a l l e y s  can cause  r a d i a l  as w e l l  a s  a x i a l  f low c o n d i t i o n s ,  w i t h  r e s u l t -  
ant t u r b t l e n c e  and l o c a l i z e d  h i g h  impact  p r e s s u r e  c o n d i t i o n s  where t h e  exhaus t  
strean r e a t t a c h e s  t o  t h e  n o z z l e  e n t r a n c e  s u r f a c e .  Nonsymmetrical o r  s e v e r e  
erosion of t h e  IBT-100 o r  s i l i c a  i n s u l a t i o n  forward of t h e  carbon s i l i c a  would 
aggravate t h i s  c o n d i t i o n  and cou ld  r e s u l t  i n  a gas  f low p a r a l l e l  t o  t h e  p l y  
orlentation of t h e  c a r b o n - s i l i c a  e n t r a n c e  i n s e r t .  T h i s  e f f e c t  could  cause  
progressive p e e l i n g  o r  de lamina t ion  o f  t h e  p l i e s .  A tendency of t h e  carbon 
s i l i c a  :o de lamina te  d u r i n g  c h a r r i n g  was observed d u r i n g  t h e  m a t e r i a l  e v a l u a t i o n  
program conducted by t h e  B a t t e l l e  Memorial I n s t i t u t e .  Most f ragments  of t h e  
tl1rcz.t i n s e r t  e x h i b i t e d  a forward f a c e  t h a t  was broken p a r a l l e l  t o  t h e  p l i e s  
and showed some ev idence  o f  g a s  f low on t h e  exposed forward s u r f a c e  which l e n d s  
creeezce t o  t h i s  theory .  
Some p o r t i o n  of t h e  s i l i c a - p h e n o l i c  forward 
i n s s l a t o r  remained a t  a l l  s t a t i o n s  forward of t h e  f a i l u r e  p o i n t s ,  t h u s  e l imin-  
atirg t i i s  s e c t i o n  a s  t h e  s o u r c e  of t h e  f a i l u r e ,  as was i n i t i a l l y  s u s p e c t e d .  
The 13T-100 t r o w e l a b l e  i n s u l a t i o n  performed w e l l ,  w i t h  a s u b s t a n t i a l  t h i c k n e s s  
o f  vzrg in  m a t e r i a l  remaining.  A v e r y  heavy, l o o s e  char  complete ly  covered t h i s  
portion of t h e  e n t r a n c e  s e c t i o n .  The p o s t t e s t  n o z z l e  i n s u l a t i o n  p r o f i l e  a t  45 
and 200 degrees  (0.79 and 3 .49  rad)  i s  shown i n  F i g u r e  43 .  
l I n v e s t i g a t i o n  of Carbon-Si l ica  
- 
Char S t r e n g t h  
En an  a t t e m p t  t o  a s c e r t a i n  t h e  r e a s o n s  f o r  
che e x c e s s i v e l y  h i g h  e r o s i o n  r a t e  of t h e  MXSC-195 carbon s i l i c a  p h e n o l i c  i n  the 
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e n t r a n c e  s e c t i o n  of n o z z l e  No. 2 ,  specimens c u t  from t h e  test  r i n g  of t i e  
p a r e n t  b i l l e t  were  c h a r r e d  and s u b j e c t e d  t o  compression tests. A section of 
a n  MXSC-195 t h r o a t  b i l l e t  from a n o t h e r  program (Low Cost  F a b r i c a t i o n  T e ~ ~ n i q ~ e s '  
was a l s o  t e s t e d  t o  p r o v i d e  d a t a  f o r  comparison. 
The samples of material were enclosed i n  
a m e t a l  r e t o r t  and h e a t e d  i n  a n  a tmosphere  of f lowing  argon t o  a temperature 
of 1500°F (1090 OK) f o r  1 h o u r  and t h e n  cooled i n  argon.  A f t e r  c h a r r i n g ,  the 
samples were examined v i s u a l l y .  While no a c t u a l  c r a c k s  o r  s e p a r a t i o n s  were 
observed ,  t h e  char  d i d  n o t  have t h e  uniform,  t i g h t l y  k n i t  appearance of :d 
normal,  dense  composite c h a r .  Both r i n g  and t h r o a t  samples were s i m i l a ~  in 
appearance a f t e r  c h a r r i n g .  A sample t y p i c a l  of t h e  c h a r r e d  LCAN nozzle 
e n t r a n c e  material i s  shown i n  F i g u r e  44. 
Compression specimens,  1 / 4  x 1 J 4  x 112 In, 
(0.64 x 0 .64 x 1.27 cm) were  machined from t h e  c h a r r e d  m a t e r i a l s  and tested t o  
d e s t r u c t i o n .  The r e s u l t s  are shown i n  Tab le  30. The average  compressive 
2 
s t r e n g t h  of t h e  r i n g  specimens was 2020 p s i  (1393 N/cm ) ,  and t h a t  of  t h e  
2 
t h r o a t  specimens was 1946 p s i  (1342 N/cm ) .  The average  compressive s t r e n g t h  
of t h e  c h a r r e d  m a t e r i a l  a t  room tempera tu re  compares f a v o r a b l y  w i t h  t h s t  of 
2 
c h a r r e d  carbon and s i l i c a  specimens,  2500 p s i  (1725 N/cm ) f o r  MX-4926 ard  
2 1800 p s i  (1240 N/cm ) f o r  FM-5131. The range  of v a l u e s  i s  much greater t han  
h a s  been observed p r e v i o u s l y ,  however, and t h e  minimum v a l u e s  a r e  s o  l o w  as to 
i n d i c a t e  t h a t  some m a t e r i a l  o r  p r o c e s s i n g  d i s c r e p a n c i e s  were p r e s e n t ,  Since 
t h e  samples f o r  t e s t i n g  were  t aken  from p a r t s  f a b r i c a t e d  by two different 
s o u r c e s ,  t h e  m a t e r i a l  i s  t h e  most l i k e l y  o f f e n d e r .  
As p a r t  of t h e  Task I e f f o r t ,  n o z z l e  
m a t e r i a l s  were  c h a r a c t e r i z e d  w i t h  r e g a r d  t o  p h y s i c a l  and mechanical  properties- 
It was n o t  p o s s i b l e  t o  measure t h e  e leva ted- tempera tu re  s t r e n g t h  cf PrXSG-195 
specimens because  t h e y  de lamina ted  d u r i n g  c h a r r i n g .  
AVCERAM r e i n f o r c e m e n t s  were  used Kn 
( 2  
e n t r a n c e  s e c t i o n s  of n o z z l e s  f o r  t h e  A i r  Force  Low Cos t  (NOMAD) P\iozzie Prograir 
as w e l l  as i n  t h e  t h r o a t  i n s e r t s .  WB-8251, 4 C  2530, and X-5571 pre-pregs, 
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supplied by Western Backing, Coast  Mfg. and Supply Co., and U. S.  Polymeric  
Cerp,, r e s p e c t i v e l y ,  were  used i n  t h a t  program. The performance of t h e  mater- 
i a l s  tbas usliformly a c c e p t a b l e ,  The e leva ted- tempera tu re  compression s t r e n g t h  
of one of t h e  c h a r r e d  composi tes  (X-5571) was on t h e  o r d e r  of 6000 p s i  (4140 
hi 'cm2) a; Z500°F (1647OK). 
I n  view of t h e  i n f o r m a t i o n  n o t e d  above,  
conchvsion i s  made t h a t  t h e  e x c e s s i v e  e r o s i o n  r a t e  observed i n  t h e  MXSC-495 
w a s  .-lost probably  caused by a l a c k  of mechanical  s t r e n g t h  i n  t h e  c h a r r e d  com- 
F O S ~ Z ~ ,  
2  Comparison of Produc t ion  Algo l  and 
- 
LCAN Motor Condi t ions  
The p r o d u c t i o n  Algo l  II-A and IH-B n o z z l e s  
also show, t o  a l e s s e r  degree ,  t h e  e f f e c t s  of exhaus t  impingement due t o  t h e  
graic c o n f i g u r a t i o n .  The n o z z l e  e n t r a n c e  s e c t i o n  on t h e s e  motors is  f a b r i c a t e d  
f r o m  a h l g h - s i l i c a - c o n t e n t  g l a s s  l a m i n a t e  ( R e f r a s i l )  w i t h  t h e  approach t o  t h e  
g-sra~hite t h r o a t  i n c l i n e d  a t  55 d e g r e e s ( . 9 4  rad)  t o  t h e  g a s  s t ream.  E a r l y  t e s t s  
resulted in h i g h e r  than  expec ted  e r o s i o n  of t h i s  s e c t i o n .  A subsequen t  reor -  
i e n t z t t o n  of t h e  wrap a n g l e  from perpend icu la r - to -cen te r  S i n e  t o  p e r p e n d i c u l a r -  
to-sas f l o w  was accomplished t h a t  reduced t h e  e r o s i o n  t o  an  a c c e p t a b l e  v a l u e .  
4 comparison of motor and n o z z l e  c o n d i t i o n s  between t h e  Algo l  I I - B  and t h e  
LCM-02 motor i s  shown i n  Tab le  31. The h i g h e r  s o l i d s  l o a d i n g  of t h e  ANB-3347 
propellant and t h e  h i g h e r  g a s  v e l o c i t y  a t  t h e  end of t h e  L M  g r a i n  b o t h  con- 
i r x i h ~ t e  3 s more s e v e r e  environment i n  t h e  LCAN motor.  I n  a d d i t i o n ,  t h e  graph- 
i t e  zhroat i n s e r t  of t h e  Algo l  motor e x t e n d s  ou tboard  of t h e  i n n e r  d iamete r  of 
tie g r a l n  v a l l e y ,  t h u s  i t  r e c e i v e s  t h e  d i r e c t  exhaus t  impingement d u r i n g  t h e  
i n i tCa ,  p e r t i o n  of motor o p e r a t i o n ,  when f low c o n d i t i o n s  a r e  t h e  w o r s t .  
(4 )  Chamber I n t e r n a l  I n s u E a t i o n  System 
The a r e a s  of chamber o v e r h e a t i n g  were c o r r e l a t e d  w i t h  
sectLo3-s of t h e  i n s u l a t i o n  t h a t  were of l e s s  t h a n  d e s i g n  t h i c k n e s s ,  g e n e r a l l y  
about C , l 0  in, (0.25 em), o r  a r e  a s s o c i a t e d  w i t h  s m a l l  v o i d s  o r  gaps  between 
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ad jo in ing  passes  of t h e  s idewa l l  i n s u l a t i o n  d ispenser .  The ind iv idua l  discrep- 
a n t  a r eas  were concealed from v i s u a l  d e t e c t i o n  during t h e  processing by a thtn 
s u r f a c e  covering of IBT-106. When de t ec t ed  by u l t r a s o n i c  o r  X-ray in spec t ion ,  
they were r epa i r ed .  
X-ray in spec t ion  of t he  i n s u l a t e d  case sidewsl.1 
s e c t i o n  was n o t  ex tens ive  enough t o  r e v e a l  a l l  t he  a r e a s  t h a t  had l e s s  than 
t h e  des i r ed  th ickness .  U l t r a son ic  i n spec t ion  was intended a s  the  pairnary 
method of d e t e c t i n g  f laws wi th in  the  s idewa l l  i n s u l a t i o n ,  b u t  m a t e r i a l  thzck- 
ness  cannot be determined by t h i s  technique.  In-process phys i ca l  measurements 
("tooth-pick" gage) were made p e r i o d i c a l l y  during a p p l i c a t i o n  of t h e  inselation 
t o  v e r i f y  c o r r e c t  pos i t i on ing  of t h e  d ispenser  b lade .  Apparently the occasions, 
s l i p p a g e  of t h e  motor on the  tu rn ing  r o l l e r s  r e s u l t e d  i n  t h i n  a r eas  no t  discern- 
a b l e  by v i s u a l  i n spec t ion  and only discovered during the  p o s t t e s t  review of t h e  
loaded-motor X-ray f i lm .  
For a  normal du ra t ion  t a i l o f f ,  a  0.10 i n .  (0.25 cn) 
th ickness  of i n s u l a t i o n  would provide adequate p r o t e c t i o n  f o r  t he  case ,  Yow- 
eve r ,  on t h i s  t e s t  the  exposure per iod  a t  the  more c r i t i c a l  l o c a t i o n s  ( a t  the  
g r a i n  v a l l e y s  i n  t h e  a f t  s e c t i o n )  was a t  l e a s t  22 s e c  and no i n t e r n a l  quench 
o r  cool ing was a c t u a t e d  f o r  about 8  t o  10 min a f t e r  web burnout.  The most 
s eve re  a r e a  of case  hea t ing  was f i r s t  de t ec t ed  a t  about t h e  time of n o z z l e  
e j e c t i o n  ( ~ 4 6  sec )  and was loca t ed  on the  a f t  5 f t  (1.27 m) of t h e  case a t  t h e  
90 degree (1.57 rad)  pos i t i on .  The case  was deformed ad jacen t  t o  w e l d  No, 7 ,  
p rec luding  i t s  r euse  as a p re s su re  ves se l .  The o r i g i n a l  i n s u l a t i o n  thickness 
a t  t h i s  l o c a t i o n  was about 0.10 i n .  (0.25 cm) and obviously n o t  detecteii  b y  
p r e t e s t  rad iographic  i n spec t ion .  Unfortunately,  none of t h e  16  case therno- 
couples was a t  an a r e a  of maximum hea t ing ,  thus  i n d i c a t i n g  near-ambievb tenper- 
a t u r e s  throughout t h e  f i r i n g .  Thermocouple No. TCC-080-289 was ad jacen t  t o  a 
smal l  ho t  s p o t  a t  t h e  forward end of t he  chamber and d id  sense  a  m a x i m u m  temper- 
a t u r e  of about 350°F (450°K) a s  shown i n  Figure 45. Figure 46 shows the ~ o s t -  
test condi t ion  of t h e  case.  
A t h i c k ,  i r r e g u l a r  and very f l aky  char s i m i l a r  t o  
t h a t  noted i n  previous small-motor t e s t s ,  covered a l l  t he  remaining intearna; 
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ins.erlation. The i n t e r i o r  of t he  chamber s t e e l  w a l l  was exposed i n  l a r g e  a r e a s  
where the n o s t  severe  ho t  s p o t s  were loca ted .  These a reas  a r e  a l l  i n  g r a i n  
v a l l e y  l o c a t i o n s ,  gene ra l ly  a t  90 and 270 degrees ( 1  -57 and 4.51 rad) . A 
small por t ion  of t h e  a f t  boot ,  charred completely through, remained i n  t h e  
chaxber along wi th  some of t h e  MK-599 p o t t i n g  ma te r i a l .  No forward boot 
nlaterial remained. Both t h e  forward- and aft-head i n s u l a t i o n  were i n  very 
goo? ~ o n d i 5 ~ o n  wi th  a  s u b s t a n t i a l  th ickness  of v i r g i n  m a t e r i a l  remaining. 
A t a b u l a t i o n  of t h e  a c t u a l  amount of i n s u l a t i o n  
-- g~maining x at s e l e c t e d  s t a t i o n s  wi th in  t h e  chamber and the  o r i g i n a l  ma te r i a l  
t h i c k r e s s  a t  t h e s e  l o c a t i o n s  is  presented  i n  Figure 47 .  
Sidewall  i n s u l a t i o n  e ros ion  from S t a t i o n s  A through 
L (see Figure 47) ranged from 0.018 t o  0-29 i n .  (0.046 t o  0.74 c m ) .  The expected 
th ickness  l o s s  i n  t h i s  a r e a  was 0.072 i n .  (0.18 cm). Because of the  longer  
tailoff and af te r -burn ,  t he  expected th ickness  l o s s  could be  a s  high a s  0.16 i n .  
40-41 cn), A t  t h e  a r e a  of t h e  l a r g e s t  h o t  s p o t  ( S t a t i o n  L) the  i n i t i a l  insu la-  
t i o ~  thickness  was 0.075 i n .  (0.19 cm) a s  measured from radiographic  nega t ives .  
Motion p i c t u r e  coverage shows t h e  f i r s t  i n d i c a t i o n  of case  hea t ing  a t  t h i s  
locaciow a t  about 46 sec .  Since web burnout occurred a t  38.4 s e c ,  t he  exposure 
- " Lime for :his a r e a  was approximately 8.6 s e c ,  r e s u l t i n g  i n  a  tb tckness  l o s s  
rare of about 0.009 i n . / s e c  (0.023 cm/sec), o r  t h r e e  times g r e a t e r  than the  
ex~ected r a t e  of 0.003 i n . / s e c  (0.008 cm/sec). 
This  excess ive  r a t e  can be accounted f o r  i n  p a r t  by 
the " z c t  t h a t  subsequent t o  web burnout t he  nozzle  e f f e c t i v e  t h r o a t  a r ea  was 
cont-_r~e-cllsly and r a p i d l y  inc reas ing ,  thus  reducing t h e  motor por t - to- throa t  
: -a5 io ,  T h i s  In  t u r n  r e s u l t e d  i n  an i n c r e a s e  i n  t he  gas v e l o c i t y  over t he  a f t  
sectson of Ehe case.  Af t e r  nozz le  e j e c t i o n  a t  45.8 s e c  the  gas v e l o c i t y  was 
es t i -n~ ted t o  be about Mach 0.15. This condi t ion  imposes a severe  environ~llent 
on &5e IBT-.106 i n s u l a t i o n .  This  m a t e r i a l  i s  no t  intended t o  be used i n  areas 
w 7 7 e r e  say  s i g n i f i c a n t  e ros ion  o r  gas v e l o c i t y  i s  expected;  IBT-100 i s  normally 
usec ,7 sxch l oca t tons .  
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c. Conclusions Based Upon Tes t  Resu l t s  
(1) The t e s t  is  considered a success  i n  t h a t  valid! per-- 
formance d a t a  w e r e  ob ta ined  on t h e  low-cost a b l a t i v e  nozz le  m a t e r i a l s  of 
p r i n c i p a l  i n t e r e s t  f o r  f u l l - s c a l e  motor a p p l i c a t i o n .  
(2) Performance and p r o c e s s a b i l i t y  of t h e  canvas duck- 
phenol ic  (4KXD02) and heavy-weight s i l i ca -pheno l i c  (MX-2600-96) m a t e r i a l s  were 
very s a t i s f a c t o r y .  The e r o s i o n  r a t e s  of t hese  m a t e r i a l s  were l e s s  than expected, 
(3) Carbon-si l ica  phenolic  (MXSC-195) was found t o  pro- 
v ide  poor performance i n  reg ions  of h igh  exhaust  s t ream impingement and d i s -  
turbed flow. The f a i l u r e  of t h e  carbon-s i l ica  en t r ance  i n s e r t  is  attributed 
t o  an extremely high l o s s  r a t e  r e s u l t i n g  from poor mechanical p r o p e r t i e s ,  
p a r t i c u l a r l y  i n t e r l amina r  shea r  s t r e n g t h ,  of t h e  char red  composite, 
(4) Performance of t he  t rowelable  chamber insulaeion 
system was s a t i s f a c t o r y  over t h e  a c t i o n  time du ra t ion .  The chamber hot-~206s 
t h a t  occurred n e a r  t he  end of t a i l o f f  and during t h e  extended heat-soak period 
were the  r e s u l t  of undetected d e f e c t s  i n  t h e  i n s u l a t i o n  and t h e  abnomal  
thermal environment experienced. 
(5) The q u a l i t y  of t h e  IBT i n s u l a t i o n  system i s  d ~ r e c t l p  
dependent upon t h e  degree of t oo l ing  s o p h i s t i c a t i o n .  The processing metbods 
u t i l i z e d  were demonstrated t o  be s a t i s f a c t o r y  and a p p l i c a b l e  t o  260-FL ciass 
motors.  
D. TASK 111 - FULL SCALE NOZZLE DESIGN AND FABRICATION PLdWrPaBNG 
1. Evaluat ion of High Nozzle Throat Erosion Rates on 
Motor Performance and Cost 
An important  cons idera t ion  i n  the  design o r  planning stages of 
a low-cost f u l l - s c a l e  nozz le  is  whether an a c t u a l  o v e r a l l  motor cost sav i cgs  1s 
achieved when t h e  lower-cost,  y e t  poorer-performing a b l a t i v e  m a t e r i a l s  z r e  
I Ta.sk I11 - F u l l  S c a l e  Nozzle Design and F a b r i c a t i o n  P lann ing  ( c o n t )  
i n a o r p a r a t e d  i n  t h e  n o z z l e  t h r o a t .  A s  t h e  t h r o a t  a r e a  i n c r e a s e s ,  t h e  t h r u s t  
c o e f f i c i e n t  d e c r e a s e s  w i t h  a cor responding  l o s s  i n  t o t a l  impulse .  To m a i n t a i n  
t h e  s a x e  m i s s i o n  c a p a b i l i t y  as w i t h  a b a s e l i n e  c a s e ,  a d d i t i o n a l  p r o p e l l a n t  (and 
i n e r t  m a t e r i a l s )  must b e  added t o  t h e  motor.  Th i s  a d d i t i o n a l  motor c o s t  must 
then kc ccmpared w i t h  t h e  s a v i n g s  r e a l i z e d  through t h e  u s e  of t h e  low-cost 
sbPat5ve n i s t e r i a l s  t o  de te rmine  t h e  n e t  s a v i n g s  ( o r  l o s s )  ach ieved .  
Cons ider ing  t h e  above,  a s t u d y  was made of t h e  e f f e c t s  of h igh  
nozz le - t ' a roa t  e r o s i o n  r a t e s  on 260-in.-dia (6.6 m) motor performance.  The f u l l -  
leligt'li 2QQ-in. -dia  (6.6 m) motor d e f i n e d  i n  Refe rence  (6) was used a s  t h e  b a s i s  
f o r  :!:is e v a l u a t i o n .  The b a l l i s t i c  performance of t h i s  motor was c a l c u l a t e d  
elsing a s su r ed  n o z z l e  t h r o a t  e r o s i o n  rates of 1 0 ,  1 5 ,  20,  and 25 m i l / s e c  (0 .025,  
0 ,038,  0,851, and 0.063 cm/sec).  The payload c a p a b i l i t i e s  of 260lSIVB v e h i c l e s  
~ 5 t h  t h e s e  v a r i o u s  f i r s t - s t a g e  n o z z l e  e r o s i o n  r a t e s  were then  determined f o r  
comparison w i t h  t h e  pay load  d e l i v e r e d  by t h e  b a s e l i n e  v e h i c l e  w i t h  a 6  m i l / s e c  
(0,015 cm/sec) n o z z l e  e r o s i o n  r a t e .  
The e f f e c t  of t h e  n o z z l e  t h r o a t  e r o s i o n  r a t e  on t h e  payload 
c a p a h l l i t y  of 2 6 0 / S I v ~  v e h i c l e s  launched from t h e  E a s t e r n  T e s t  Range i n t o  105 
naut<Lcal m i l e  (195 Km) c i r c u l a r  o r b i t  i s  shown i n  T a b l e  32 .  The v e h i c l e  pay- 
l o a t  d s c r e a s e s  w i t h  i n c r e a s i n g  n o z z l e  t h r o a t  e r o s i o n  r a t e .  The 25 m i l / s e c  
(CI.063 crn/sec) e r o s i o n  rate r e s u l t s  i n  a  5% payload l o s s ,  a s  compared w i t h  t h e  
base:Line 6 m i l / s e c  (0.015 cm/sec) e r o s i o n  r a t e .  The e f f e c t  of t h e  t h r o a t  
erosion rGte  on 260-FL motor t h r u s t  performance i s  shown i n  F i g u r e  48. m e  
25 m i l / s e c  (0.063 cm/sec) e r o s i o n  r a t e  r e s u l t s  i n  reduced t o t a l  impulse  and 
extended burn ing  d u r a t i o n  compared w i t h  t h e  b a s e l i n e  performance.  T h i s ,  
gogether w i t h  t h e  i n c r e a s e d  weight  of t h e  h i g h  e r o s i o n  r a t e  n o z z l e  causes  t h e  
relu-tfon i n  c a l c u l a t e d  payload.  
A  s t u d y  was made of t h e  p r o p e l l a n t  g r a i n  d e s i g n  m o d i f i c a t i o n s  
that c o u l d  be made t o  compensate f o r  h i g h  n o z z l e  t h r o a t  e r o s i o n  r a t e s .  I t  was 
f o m d  t ha t  a  20 i n .  ( 5 1  cm) s e d u c t i o n  i n  t h e  l e n g t h  of t h e  f i n n e d  s e c t i o n  and 
r n  egcal f g c r e a s e  i n  t h e  l e n g t h  of t h e  c y l i n d r i c a l  s e c t i o n  of t h e  f u l l - l e n g t h  
m o t o r  graic, combined w i t h  a  2% i n c r e a s e  i n  p r o p e l l a n t  burn ing  r a t e  (0.606 t o  
2 
C!-618 i n . / s e c  a t  600 p s i a )  (1 .54 t o  -1.57 cm/sec a t  413 N/cm ) ,  p r o v i d e s  t h e  
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same peak t h r u s t  and burning du ra t ion  wi th  a  25 m i l / s e c  (0.063 cm/see) e ros ion  
r a t e  a s  i s  obtained i n  t h e  b a s e l i n e  design wi th  a  6 m i l l s e c  (0.015 cm/sec) 
e ros ion  r a t e .  The t h r u s t  performance of t h i s  modified ve r s ion  is  a l s o  shown 
i n  Figure 48. Evaluat ion of t h e  payload c a p a b i l i t y  of a  260/SIVB v e h i c l e  w i t h  
t h i s  modified f i r s t  s t a g e  i n d i c a t e s  t h a t  t h e  payload l o s s  i s  about 23% l e s s  
than wi th  the  unmodified g r a i n  design a t  t h e  h ighes t  e ros ion  r a t e .  Similar 
improvements can b e  achieved a t  t h e  in t e rmed ia t e  e ros ion  r a t e s .  
The t r a j e c t o r y  a n a l y s i s  used t o  o b t a i n  t h e  payload comparisons 
a l s o  provides exchange r a t i o s  a s  p a r t  of i t s  output .  The exchange r a t i o s  re-  
l a t i n g  change i n  burnout v e l o c i t y  t o  change i n  f i r s t  s t a g e  i n e r t  m a t e r i a l s ,  
f i r s t  s t a g e  p r o p e l l a n t ,  and v e h i c l e  payload were used t o  e s t a b l i s h  the  inc rease  
i n  f i r s t  s t a g e  weight requi red  t o  achieve the  b a s e l i n e  v e h i c l e  payload with t h e  
h ighe r  nozz le  e ros ion  r a t e s .  It was assumed t h a t  t h e  motor s i z e  i nc rease  would 
n o t  a f f e c t  t he  p rope l l an t  mass f r a c t i o n .  The r e s u l t i n g  weight i n c r e a s e s ,  
t oge the r  wi th  t h e  es t imated  corresponding cos t  i n c r e a s e s  a r e  shown i n  Table 33, 
The cos t  va lues  provide a b a s i s  f o r  eva lua t ing  t h e  economics of high-erosion 
r a t e  nozzle  m a t e r i a l s .  The sav ings  r e a l i z e d  through use  of low-cost ablative 
nozzle  m a t e r i a l s  must exceed t h e  c o s t  of t h e  necessary  motor s i z e  i nc rease ,  
To f u r t h e r  d e f i n e  t h e  c o s t  advantages of using the  lower cos t  
m a t e r i a l s  i n  a  260-FL nozz le ,  a  s tudy was conducted using f o u r  differen:  n o z z l e  
conf igura t ions .  Actual  cu r r en t  m a t e r i a l  c o s t s  were obtained f o r  1000 Ib (454  kg) 
l o t s  from the  p r i n c i p a l  s u p p l i e r s  of t h e  m a t e r i a l s  considered.  Previous work 
has  shown t h a t  t h e  d i f f e r e n c e  i n  f a b r i c a t i o n  c o s t s  from one m a t e r i a l  t o  another  
i n  a  l a r g e  nozz le  i s  n o t  s i g n i f i c a n t  and was n o t  considered i n  t h i s  s tudy ,  
The b a s e l i n e  nozz le  was a  s tandard  carbon and s i l i c a  d e s i g n ,  
s i m i l a r  t o  t h a t  of t h e  260-SL-3 nozz le  o r i g i n a l l y  prepared f o r  a  low-cost  s t u d y  
conducted under Contract  NAS7-513. The A l t e r n a t i v e  No. 1 nozzle  was defined 
during the  same s tudy  and incorpora ted  carbon-s i l ica  and canvas-phenolic pates- 
i a l s  t o  r ep l ace  t h e  higher-priced carbon and s i l i c a  of t he  b a s e l i n e  deslgn, 
A l t e r n a t i v e  No. 2  was a  s i l i c a  and canvas des ign ,  whereas A l t e r n a t i v e  bJc. 3 
combined a  carbon t h r o a t  wi th  lower c o s t  m a t e r i a l s  i n  t h e  other liner Inserts. 
The component weights prev ious ly  determined f o r  t he  b a s e l i n e  and A$tem2ttve Ec, 1 
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de s igns  were a d j u s t e d  f o r  d i f f e r e n c e s  i n  t h e  d e n s i t y  and t h i c k n e s s  requ i rements  
of A l t e r n a t i v e s  No. 2  and 3 .  Table  34 summarizes t h e  m a t e r i a l  c o s t s  f o r  t h e s e  
four rozzles, and compares t h e  a p p a r e n t  s a v i n g s  w i t h  t h e  added motor c o s t  
required to p r o v i d e  t h e  same payload c a p a b i l i t y  a s  t h e  b a s e l i n e  des ign .  A 
pzot  of a d d i t i o n a l  motor c o s t  v s  n o z z l e  e r o s i o n  r a t e  is  shown i n  F i g u r e  49. 
" h e s ~  data were t h e  o u t p u t  of t h e  t r a j e c t o r y  and performance a n a l y s i s  d i s c u s s e d  
;n tile preced ing  paragraphs .  
Examination o f  Table  34 shows t h a t  i f  t h e  s i l i c a - t h r o a t  
e rosron  in a 260-FL motor is  as p r e d i c t e d ,  no s i g n i f i c a n t  c o s t  advantage i n  
~ t s  use  would b e  r e a l i z e d .  The u s e  of a  c a r b o n - s i l i c a  t h r o a t ,  however, would 
result i n  a n e t  s a v i n g  of $79,200. A n o z z l e  such a s  A l t e r n a t i v e  No. 3 ,  i n c o r -  
porating a carbon t h r o a t  and w i t h  maximum u s e  of t h e  lower c o s t  m a t e r i a l s  i n  
otner a r e a s ,  i s  by f a r  t h e  most economical  des ign .  T h i s  conc lus ion  and t h e  
results of t h e  LCAN-02 t e s t  f i r i n g  a r e  t h e  most s i g n i f i c a n t  i n f l u e n c i n g  f a c t o r s  
4 3  the m a t e r i a l  s e l e c t i o n s  and d e s i g n  of t h e  low-cost  f u l l - s c a l e  n o z z l e .  
2 ,  Design Criteria 
The f u l l - s c a l e ,  low-cost n o z z l e  d e s i g n  i s  based on t h e  260-FL 
rrotor defir led i n  t h e  Douglas 260/SIVB s t u d y .  (6)  The motor con ta ined  3.4 m i l l i o n  
6  b 1 - 5 4  : 0 kg) o f  p r o p e l l a n t  and i t s  o p e r a t i n g  c h a r a c t e r i s t i c s  a r e  summarized 
below, 
Act ion  Time 
MEOP 
147.5 s e c  
764 p s i a  (526 N/cm2) 
Average T h r u s t ,  web 6.34 x  i b f  (28.2 FBI) 
Flame Temperature 5742°F ( a t  1000 p s i a )  
3440'K ( a t  690 ~ / c r n 2 )  
These c r i t e r i a  m e e t  o r  exceed t h e  r e f e r e n c e  paramete rs  e s t a b l i s h e d  i n  E x h i b i t  
""A" 99 the C o n t r a c t  NAS3-12038 Work S ta tement .  
The e x h a u s t  gas  composi t ion of ANB-3374 ( t h e  MTPB p r o p e l l a n t  
thar  Is  expec ted  t o  be  used  i n  any f u t u r e  l a r g e  s o l i d  b o o s t e r )  i s  g i v e n  i n  
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Table 35. These da t a ,  a long wi th  t h e  pressure-time curve shown i n  F i g u r e  50, 
were used a s  i n p u t  d a t a  f o r  t h e  a b l a t i v e  performance a n a l y s i s  program, 
The nozz le  i s  designed t o  permit  a  t 2 degree (0.035 rad)  TVC 
c a p a b i l i t y ,  a t  a  r a t e  of 3  deg rees l sec  (0.052 r ad l sec )  by incorpora t ing  the  
* 
f l e x i b l e  s e a l  assembly designed under Contract  NAS3-12049. 
A primary design requirement was t h e  use of resin-impregnate2 
f a b r i c s ,  which a r e  l e s s  expensive than the  convent ional  carbon and silica com- 
p o s i t e s  used i n  a l l  l a r g e  s o l i d  boos t e r  nozz les  f a b r i c a t e d  t o  da t e .  These natex- 
i a 1 s  must a l s o  have been eva lua ted  t o  t h e  e x t e n t  and a t  a  s c a l e  adequate fo pro- 
v ide  assurance  of success  on the  260-FL motor nozzle .  Fab r i ca t ion  of t h e  ablative 
l i n e r s  by proven t ape  wrapping and p re s su re /hea t ing  cure  processes  was a further 
requirement.  The design and nozz le  processing sequence have been establ is ' red wi: '~ 
a  goa l  of providing an economical manufacturing p l an ,  w i th in  the  s t a t e -o f - the -a r t ,  
whi le  maintaining a  high product  r e l i a b i l i t y .  
The i n i t i a l  th icknesses  of t he  a b l a t i v e  l i n e r  were established 
using a  minimum s a f e t y  f a c t o r  of 1.50 over and above the  expected su r f ace  ma te r i a l  
l o s s  and char  pene t r a t ion .  The l o c a t i o n  of t h e  100°F (312OK) isotherm further 
def ined  t h e  t o t a l  a b l a t o r  t h i ckness ,  wi th  t he  c r i t e r i a  t h a t  the  overwrap inne r  
s u r f a c e  does n o t  exceed t h i s  temperature.  The design s a f e t y  f a c t o r  a t  t h e  nose 
was increased  t o  2.0, where a n a l y s i s  i s  complicated, and reduced t o  S,25 i n  the  
a f t  e x i t  cone s e c t i o n ,  where m a t e r i a l  l o s s  i s  minimal and e a s i l y  def ined ,  
S t r u c t u r a l  members were designed t o  prevent  s t r a i n  i n  t h e  p l a s -  
t i c  p a r t s  from exceeding 0.25%. A s a f e t y  f a c t o r  of a t  l e a s t  1.25 was aks3 
imposed on the  minimum a l lowable  m a t e r i a l  p r o p e r t i e s .  
3 .  Other Fac to r s  Affec t ing  the  Design 
I n  a d d i t i o n  t o  t h e  b a s i c  o b j e c t i v e  of us ing  lower cost xa te r -  
i a l s  i n  t h e  nozz le  assembly , , severa l  o t h e r  important  f a c t o r s  must be eons ioersd  
t h a t  a f f e c t  t h e  o v e r a l l  c o s t  and performance of t h e  nozz le  o r  f u l l - s c a l e  motor, 
These a r e  d iscussed  below: 
*Design, Fab r i ca t ion ,  and Tes t  of Omnidirect ional  F l e x i b l e  Sea ls  f o r  T h r u s t  
Vector Control  of Large S o l i d  Rocket Motors (Contract  NAS3-12049; A e r o j e t  
Sol id  Propuls ion  Company, from Lewis Research Center ) .  1 
:I 
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a. . E f f e c t  of Throat  Erosion Rate on Motor Performance 
Trade s t u d i e s  of motor performance vs  t h r o a t  e ros ion  r a t e  
w e r e  conducted t o  determine t h e  a c t u a l  c o s t  d i f f e r e n t i a l  achieved when t h r o a t  
s u r f a c e  r eg re s s ion  rates of up t o  0.025 in . / s ec  (0.064 cm/sec) were experienced. 
The c o s t  sav ings  gained by t h e  use  of low c o s t  a b l a t i v e  m a t e r i a l s  were compared 
t o  t he  c o s t  of t h e  a d d i t i o n a l  p r o p e l l a n t  and i n e r t  motor components r equ i r ed  t o  
produce t h e  same performance as t h e  b a s e l i n e  motor wi th  a t h r o a t  e ros ion  r a t e  
of 0.006 i n . / s e c  (0.015 cm/sec). The conclusion,  a s  d i scussed  i n  Sec t ion  
I I I . D . 1 ,  i s  t h a t  t he  g r e a t e s t  p o t e n t i a l  f o r  c o s t  sav ings  is r e a l i z e d  when 
carbon phenol ic  ( o r  an  equ iva l en t  m a t e r i a l )  is used i n  t h e  t h r o a t  and t h e  low 
c o s t  m a t e r i a l s  a r e  incorpora ted  elsewhere i n  t h e  nozz le  and e x i t  cone assembly. 
b .  Material S e l e c t i o n  and Q u a l i f i c a t i o n  
The p r a c t i c e  followed on previous 260-SL nozz le  designs 
of spec i fy ing  a s i n g l e  manufacturer 's  product  (pre-preg carbon o r  s i l i c a )  has  
r e s u l t e d  i n  a r t i f i c i a l l y  i n f l a t i n g  t h e  p r i c e  pa id  f o r  t hese  r a w  m a t e r i a l s .  A 
more d e s i r a b l e  p r a c t i c e ,  and one which al lows more competi t ive p r i c i n g ,  is  t h e  
es tab l i shment  of a q u a l i f i e d  products  l i s t i n g  (QPL) f o r  each m a t e r i a l  t h a t  i s  
considered e s s e n t i a l l y  equ iva l en t  i n  performance and p r o c e s s a b i l i t y .  Therefore,  
f o r  t h e  f u l l - s c a l e  nozz le  des ign  t h r e e  o r  more accep tab le  a l t e r n a t i v e s  a r e  list- 
ed f o r  each gene r i c  m a t e r i a l .  
c .  F a c i l i t y  and Equipment Limi ta t ions  
The a v a i l a b i l i t y  of e x i s t i n g  equipment and f a c i l i t i e s  f o r  
t h e  wrapping, machining, and cur ing  of very  l a r g e  nozz le  components i n f luences  
the  des ign  and l i m i t s  t h e  number of competing f a b r i c a t o r s .  Both of t h e s e  
f a c t o r s  have an impact on t h e  o v e r a l l  cos t  of t h e  end product .  On a l a r g e  
product ion order ,  t o  reduce t h e  c o s t s  of a new f a c i l i t y ,  i t  may be  d e s i r a b l e  
t o  enable  more than one q u a l i f i e d  f a b r i c a t o r  t o  p a r t i c i p a t e  i n  t he  nozz le  manu- 
f a c t u r e .  To accomplish t h i s  o b j e c t i v e ,  t h e  maximum o u t e r  diameter (OD) of most 
p a r t s  must be  l i m i t e d  t o  130 i n .  ( 3 . 3  m). This  r e s u l t s  i n  a v a r i a t i o n  from 
some accepted design p r a c t i c e s  i n  t h e  nozz le  nose and submerged s e c t i o n s  where 
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a  minimum a r e a  r a t i o  of about 2 : l  a t  t h e  nose i s  considered d e s i r a b l e  and has 
proven t o  be s a t i s f a c t o r y  wi th  260-SL motors. Reducing t h e  OD i n  t h i s  area t3 
be compatible wi th  process  equipment l i m i t a t i o n s  w i l l  expose t h e  nose t o  a more 
seve re  environment; however, i n s e r t  th icknesses  may be increased  accordingly a t  
comparatively l i t t l e  a d d i t i o n a l  cos t .  
I n i t i a l l y ,  a  t h r e e  p i ece  e x i t  cone was proposed, This 
was done p r imar i ly  t o  a l low more f a b r i c a t o r s  t o  be considered f o r  supplying 
t h e  forward s e c t i o n ,  which was compatible wi th  t h e  130-in.-dia (3.3 m) iimita- 
t i o n  of most e x i s t i n g  wrapping and cur ing  f a c i l i t i e s .  This  concept,  however, 
d id  n o t  r e s u l t  i n  t he  g r e a t e s t  o v e r a l l  sav ings .  With a  two p i ece  design,  
a d d i t i o n a l  cos t  sav ings  ( l e s s  t oo l ing ,  processing time, e t c . )  r e s u l t e d  t h a t  
overshadowed the  advantages of t he  three-piece u n i t .  The forward s e c t i o n  of 
t h e  r e s u l t i n g  two-piece conf igura t ion  may s t i l l  be  wrapped and cured i n  e x i s t -  
ing  f a c i l i t i e s ,  and t h e  a f t  s e c t i o n  of e i t h e r  design n e c e s s i t a t e s  t he  same neb 
f a c i l i t i e s  and p re sen t s  t he  same l o g i s t i c a l  problems. 
d. Confidence i n  Nozzle Performance 
Very l i t t l e  a c t u a l  performance d a t a  e x i s t  for some of t he  
low cos t  m a t e r i a l s  t h a t  would appear t o  be  a t t r a c t i v e  f o r  use i n  260-size 
nozz les .  Avai lab le  d a t a  a r e  gene ra l ly  from subsca le  t e s t  f i r i n g s  (D - 8 in, 
t 
(20.7 cm) o r  l e s s )  where nozz le  conf igura t ion ,  g r a i n  geometry, o r  p rope l l an t  
exhaust  composition v a r i e s  from a t y p i c a l  260 motor condi t ion  t o  t he  exzent 
t h a t  l i t t l e  performance c o r r e l a t i o n  may be  expected. A conserva t ive  philosophy 
was followed i n  t h e  design of t h e  low c o s t  f u l l - s c a l e  nozz le ;  medium r i s k  o r  
high r i s k  m a t e r i a l s  were n o t  considered,  d e s p i t e  t h e  apparent  possi .bi l icy of 
cos t  sav ings .  
Task I1 t e s t  r e s u l t s  from the  LCAN-02 f i r i n g  demo~st ra ted .  
t he  poor performance of carbon-s i l ica  i n  t h e  nozz le  en t rance  s e c t i o n  (al though 
gas thermal dynamic condi t ions  were more seve re  than would be p re sen t  i n  che 
260-FL motor),  t he  a r e a  where t h i s  m a t e r i a l  had p o t e n t i a l  f o r  cos t - .e f fec i lveresn .  
A s  a  r e s u l t  of t he  LCAN-02 t e s t ,  t he  f u l l - s c a l e  nozz le  w i l l  i nco rpora t e  cerScrL 
phenol ic  i n  t h i s  region;  t h e  c o s t  w i l l  be  g r e a t e r ,  b u t  maximum confidence i~ 
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successful o p e r a t i o n  and t h e  a b i l i t y  t o  p r e d i c t  a b l a t i v e  performance w i l l  b e  
gainec,  
The LCAN-02 test a l s o  p rov ided  a d d i t i o n a l  d a t a  confirm- 
i ng  ?he d e s i r a b i l i t y  of canvas duck and t h e  heavyweight s i l i c a - p h e n o l i c  mater-  
ia2s in the l e s s  s e v e r e  environments  of t h e  n o z z l e  and e x i t  cone.  The b e t t e r -  
tbm-expec ted  performance of canvas i n  t h e  e x i t  cone and i t s  e x c e l l e n t  p rocess -  
ing q ~ a l i t i e s  e n a b l e  i t s  u s e  i n  t h e  268-FL n o z z l e  d e s i g n  w i t h o u t  r e s e r v a t i o n s  
snd a t  a c o n s i d e r a b l e  m a t e r i a l  s a v i n g s  over  t h e  c o n v e n t i o n a l  s i l i c a  m a t e r i a l  
n c m a l l y  s p e c i f i e d .  
4 .  Design D e s c r i p t i o n  
a .  Nozzle 
The f u l l - s c a l e  n o z z l e  d e s i g n  i s  shown i n  F i g u r e  51. The 
nozzle is of t h e  submerged t y p e ,  hav ing  a t h r o a t  d iamete r  of 89.1  i n .  (2.26 m). 
The nose  and approach s e c t i o n  have a  3:2 e l l i p t i c a l  shape ,  w i t h  t h e  major a x i s  
e q u a l  to 75% of t h e  t h r o a t  r a d i u s  and t h e  l e a d i n g  edge b e i n g  a t  an  a r e a  r a t i o  
c T h i s  c o n f i g u r a t i o n  p r o v i d e s  a s t r e a m l i n e d  gas  f low t r a n s i t i o n  i n t o  
t h e  11-roar a r e a  and h a s  been shown by a n a l y s i s  and t e s t  r e s u l t s  t o  b e  a  v e r y  
satisfactory d e s i g n .  The f l e x s e a l  w i l l  p e r m i t  a  minimum of - 4- 2  degrees  (0.035 
radj rL3zz4e d e f l e c t i o n  f o r  TVC. The s e a l  assembly i n c o r p o r a t e d  i n  t h i s  n o z z l e  
was des igned ,  s t r u c t u r a l l y  ana lyzed ,  f a b r i c a t e d ,  and t e s t e d  under  C o n t r a c t  
NAS3-12049 , 
Carbon p h e n o l i c  pre-preg m a t e r i a l s  having a minimum car -  
bon assay of 92% and a p h e n o l i c  o r  polyphenylene r e s i n  s o l i d  c o n t e n t  of from 
31 t o  37% w i l l  be  used as t h e  b a s i c  a b l a t i v e  m a t e r i a l  i n  t h e  n o z z l e .  The a f t  
portion of t h e  submerged l i n e r  and a l l  i n s e r t  o v e m r a p  i n s u l a t i o n  w i l l  b e  made 
of can- as duck p h e n o l i c .  The r e i n f o r c e m e n t  pre-preg w i l l  c o n s i s t  of 8-oz 
rioiz5le-fill c o t t o n  duck w i t h  a 38 t o  44% p h e n o l i c  r e s i n  s o l i d s  c o n t e n t .  
The n o z z l e  s h e l l  and t h r o a t  s u p p o r t  s t r u c t u r a l  components 
will ?e made from HY-150 s t e e l .  Roll-formed and welded assembl ies  will b e  
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u t i l i z e d  a s  a c o s t  reducing f a b r i c a t i o n  method wi th  the  t h i c k e r  f l ange  sections 
and the  forward po r t ion  of t h e  t h r o a t  support  machined from r ing - ro l l ed  forgings, 
A b r i e f  d e s c r i p t i o n  of each a b l a t i v e  component i s  gPgen 
i n  t h e  fol lowing paragraphs: 
(1) Nozzle S h e l l  I n s u l a t i o n  
The nozz le  s h e l l  thermal p r o t e c t i o n  c o n s i s t s  af an 
inboard canvas duck phenol ic  s e c t i o n  wi th  IBT-100 t rowelable  i n s u l a t i o n  on t h e  
l e s s  c r i t i c a l  outboard a rea .  The canvas p i ece  i s  wrapped of b i a s  t ape  a t  an 
80 degree (1.40 rad)  t o  c e n t e r  l i n e  o r i e n t a t i o n .  The cured and machined i n s e r t  
would be  bonded i n t o  t h e  HY-150 s t e e l  s h e l l  with an ambient cur ing  epoxy adhes- 
i v e .  The IBT-100 would be mixed and appl ied  a t  t h e  motor assembly s i t e ,  
(2)  Submerged I n s e r t  
This  component provides p r o t e c t i o n  f o r  the  f zexsee l  
and the  submerged backside of t h e  t h r o a t  suppor t  s t r u c t u r e .  I t  i s  a t w e  mater- 
i a l  composite, having a canvas duck phenol ic  a f t  i n s u l a t o r  can t i l eve red  f rom 
t h e  s t e e l  s h e l l  t o  a p o s i t i o n  ad jacen t  t o  t h e  a f t  c lo su re  canvas in suSa t t an  
where i t  p r o t e c t s  t h e  s e a l  from the  thermal  r a d i a t i o n  of combustiori gases ,  
The forward po r t ion  of t he  p i ece  i s  made from carbon-phenolic and extends t o  
t he  nose cap a t  a diameter of 120.0 i n .  (3.05 m) o r  an E = 1 .81 : l .  \Jar?-cut 
t ape  may be  used f o r  both m a t e r i a l s  a s  t h e  wrap-angle i s  from 0 t o  3 degrees 
(0 t o  0.053 rad)  of t h e  nozz le  c e n t e r  l i n e .  
(3) Nose I n s e r t  
This  i n s e r t  is  wrapped of bias-cut  resin-impregnated 
carbon t ape  a t  an angle  of 97 degrees (1.69 rad)  t o  t he  nozz le  cen te r  l i n e ,  A 
canvas duck phenol ic  overwrap, p a r a l l e l  t o  t h e  s u r f a c e ,  i s  appl ied  t o  t k e  
machined backside of t he  preformed b i l l e t  and s imultaneously cured. 
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(4)  En t rance  I n s e r t  
The e n t r a n c e  i n s e r t  a l s o  i n c o r p o r a t e s  carbon (b ias -  
cut) t a p e  w i t h  a p a r a l l e l - t o - s u r f a c e  canvas duck i n s u l a t o r .  The nominal 67 
degrees ( 1 - 9 7  r a d )  t o  c e n t e r  l i n e  wrap a n g l e  makes t h i s  p a r t  v e r y  s i m i l a r  t o  
its 260-SL-3 c o u n t e r p a r t .  
(5) T h r o a t  I n s e r t  
T h i s  p i e c e  i s  a l s o  s i m i l a r  t o  t h e  260-SL-3 t h r o a t  
insert, hav ing  a 50 degree  (0.87 r a d )  nominal wrap a n g l e .  Bias-cut  carbon t a p e  
i s  u s e d  f o r  t h e  exposed f lame l i n e r  s e c t i o n ,  which may e x p e r i e n c e  a the rmal  o r  
e r o s i \ e  environment.  An u n u s u a l l y  t h i c k  canvas back-up i s  used t o  p r o v i d e  
m a t e r i a l  c o s t  s a v i n g s  where e x c e s s i v e  t h i c k n e s s  is n e c e s s a r y  due t o  t h e  geometry 
of t h e  s t e e l  s u p p o r t  assembly.  
A we igh t  summary f o r  t h e  n o z z l e  is  prov ided  i n  
Table 36, The t o t a l  w e i g h t  of t h e  e n t i r e  n o z z l e  assembly,  i n c l u d i n g  t h e  e x i t  
ccne and f l e x s e a l  i s  43,676 l b  (19,830 Kg) . 
b.  E x i t  Cone 
The two p i e c e  e x i t  cone,  shown i n  F i g u r e  52,  i s  of a con- 
tcured o r  be l l - shaped  d e s i g n  having a n  e x i t  p l a n e  d iamete r  of 267.30 i n .  (6 .78  m)  
and an o v e r a l l  l e n g t h  o f  247.16 i n .  (6.27 m). The expansion r a t i o  of 9 : 1  pro- 
vides a t h r u s t  c o e f f i c i e n t  (C  ) v e r y  n e a r l y  t h e  same a s  a conven t iona l  c o n i c a l  f 
e x i t  csne having an  1l:l expansion r a t i o .  The contoured d e s i g n  r e s u l t s  i n  
econ3-y of n a t e r i a l s ,  w h i l e  m a i n t a i n i n g  t h e  o v e r a l l  d iamete r  and l e n g t h  t o  
dimeasfons compat ible  w i t h  r e a s o n a b l e  f a b r i c a t i o n - t o o l i n g  and f a c i l i t y  r e q u i r e -  
vents, s h i p p i n g  l i m i t a t i o n s ,  and t h e  a f t - f l a r e  envelope of t h e  2 6 0 / S I v ~  motor.  
The e x i t  cone forward s e c t i o n  ex tends  t o  an a r e a  r a t i o  of 
3,72 e-td i s  des igned  t o  t a k e  maximum advan tage  of t h e  low c o s t  canvas duck 
naterLal w h i l e  m a i n t a i n i n g  t h e  b e t t e r  performing and wel l -charac te rFzed  carbon 
i2 t b e  more c r i t i c a l  a r e a s .  Carbon p h e n o l i c  was s e l e c t e d  f o r  the forward 
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s e c t i o n  f o r  t h e  fol lowing reasons: 
(1) The low a r e a  r a t i o  (1.1: 1 )  a t  t he  forward end of 
t h i s  component r e q u i r e s  a m a t e r i a l  w i th  good e ros ion  r e s i s t a n c e .  
(2) The o t h e r  lead ing  m a t e r i a l  candida te  f o r  t h i s  p a r t  
was carbon-s i l ica  phenol ic  and l i t t l e  o r  no performance d a t a  a r e  a v a i l a b l e  on 
t h i s  m a t e r i a l  a t  t h i s  l o c a t i o n .  
(3) Using t h e  es t imated  m a t e r i a l  l o s s  f o r  carbon-s i l ica  
a t  an a r e a  r a t i o  of 1 .38: l  and a c t u a l  260-SL carbon phenol ic  t e s t  d a t a  i n  a 
cos t -e f fec t iveness  comparison r e s u l t s  i n  a d e f i n i t e  advantage (over  2 t o  1 )  
f o r  carbon. S imi l a r  r e s u l t s  were obta ined  when e i t h e r  canvas o r  heavyweight 
s i l i c a  were i n v e s t i g a t e d  f o r  use  a t  t h e  more seve re  environments. 
The pa ra l l e l - t o -cen te r  l i n e  carbon phenolic  wrap 
i n c r e a s e s  t o  a s l i g h t l y  t h i c k e r  than necessary s e c t i o n  near  t he  2.15 a r e a  
r a t i o  t o  a l low a smooth t r a n s i t i o n  i n t o  t h e  ad j acen t  canvas duck m a t e r i a l ,  
which r e q u i r e s  a g r e a t e r  c ross -sec t ion .  The two m a t e r i a l s  would be wrapped 
and f u r t h e r  processed as a common l i n e r  on a net-contoured mandrel. A canvas 
duck overwrap, nominally 0.30 i n .  (0.76 cm) t h i c k ,  is incorpora ted  over  t he  
p o r t i o n  of t h e  e x t e r i o r  s u r f a c e  which i s  bonded t o  t h e  s t e e l  housing. This  
overwrap b lends  i n t o  t h e  s t r u c t u r a l  g l a s s  phenol ic  overwrap, which extends t o  
t h e  a f t  f a c e  of t h e  p a r t .  A 4130 s t e e l  attachment f l a n g e  i s  bonded t o  t he  
g l a s s  s t r u c t u r e  a t  t h e  a f t  end; t h e  f l a n g e  is f u r t h e r  secured wi th  an overwrap 
of a room-temperature cur ing  epoxy r e s i n l g l a s s  system. The AISI 4130 s t e e l  
s h e l l  would be a weldment j o in ing  t h e  machined-forging forward f l ange  t o  t h e  
roll-and-welded c o n i c a l  segment. The a f t  po r t i on  of t h e  s h e l l  has  t h e  addi- 
t i o n a l  th ickness  needed t o  resist and d i s t r i b u t e  t h e  TVC a c t u a t i o n  loads .  
Two a c t u a t o r  attachment b racke t s ,  90 degrees (1.57 rad)  a p a r t ,  would be 
welded t o  t h e  s h e l l .  
The e x i t  cone a f t  s e c t i o n  has an a l l  canvas duck 
phenol ic  l i n e r  and a glass-epoxy r e s i n  s t r u c t u r a l  overwrap. No i n s u l a t i v e  
overwrap of a b l a t i v e  m a t e r i a l  (canvas, s i l i c a ,  e t c . )  is used on t h e  p a r t .  The 
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%lass tape ,  wrapped p a r a l l e l  t o  su r f ace ,  w i l l  assume t h e  func t ions  normally 
associa"ed with  t h e  a b l a t i v e  overwrap ( I n s u l a t o r  and gas pa th  b a r r i e r )  i n  
addition to its s t r u c t u r a l  func t ion ,  The f lame- l iner  th ickness  is designed 
t o  a a i ~ r a i n  the glass-canvas i n t e r f a c e  a t  a  temperature of 100°F (312°K) o r  
Bower, The s t r u c t u r a l  a n a l y s i s  i n d i c a t e s  t h a t  t he  glass-epoxy system has 
adequate s t i f f n e s s  i n  t he  a x i a l  mode s o  t h a t  no a d d i t i o n a l  s t r u c t u r a l  re in-  
forcepent (such a s  honeycomb) i s  requi red .  The r e l a t i v e l y  low TVC loads make 
t h i s  pos s ib l e ,  
The forward attachment r i n g  would be bonded t o  t h e  
machined. s u r f a c e  of t he  g l a s s  s t r u c t u r e  and overwrapped wi th  a  glass-epoxy 
aribient curing system. 
The use of canvas duck phenolic  a t  an a r e a  r a t i o  a s  
Bow as 2 - 2 6  is  t h e  most no tab le  depar ture  of t h i s  e x i t  cone from previous 
des igns ,  where a t r a n s i t i o n  from carbon t o  s i l i c a  has  genera l ly  been made nea r  
t h e  2-3 t o  2.5 a r e a  r a t i o  s t a t i o n .  Canvas has  been succes s fu l ly  used i n  sub- 
scale motors (8.2-in.-dia (21  cm) t h r o a t s )  i n  t h e  programs descr ibed i n  
Reiesences ( 2 )  and (3) and most r e c e n t l y  on Task I1 of t h i s  program where 
e x c e l l e n t  performance of t he  canvas was experienced a t  an a r e a  r a t i o  a s  low 
as 1 - 9 5 ,  The ex tens ive  use  of canvas i n  t h e  f u l l - s c a l e  nozzle  design repre-  
s e n t s  the most -s igni f icant ,  s i n g l e  f a c t o r  i n  m a t e r i a l  sav ings .  
I n  add i t i on  t o  t he  f a b r i c a t i o n  cons ide ra t ions ,  t he  
a f ~  flange l o c a t i o n  of the  forward s e c t i o n  was s e l e c t e d  t o  enable e i t h e r  sur- 
f ~ c e  o r  a i r  t r a n s p o r t a t i o n  of t h i s  p a r t  w i th in  p re sen t  c a r r i e r  s i z e  l i m i t a t i o n s  
ar d DOT r egu la t ions .  
The a f t  s e c t i o n  must e i t h e r  be manufactured near  t he  
IIIO$O~C assembly s i t e  (A-DD) o r  shipped from the  west coas t  v i a  t h e  Panama Canal. 
The weight of t h e  e x i t  cone assembly i s  shown i n  
Table 2 1 ,  
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5. Design V e r i f i c a t i o n  
a. Thermal Analysis  
A thermal eva lua t ion  w a s  conducted of t h e  proposed low- 
c o s t  f u l l - s c a l e  nozz le  design.  This  a n a l y s i s  u t i l i z e d  t h e  es t imated  b a l l i s t i c  
performance and provided a n a l y t i c a l  p r e d i c t i o n s  of l o c a l  e ros ion ,  char  depth,  
and t o t a l  thermal  zone growth i n  t h e  a b l a t i v e  l i n e r s  a s  a  func t ion  of e lapsed  
f i r i n g  time. Discussions of t h e  p e r t i n e n t  d a t a  and a n a l y t i c a l  techniques used 
i n  t h i s  a n a l y s i s  follow: 
The a n a l y s i s  c o n s i s t s  of a s e r i e s  of one-dimensional 
t r a n s i e n t  thermal ana lyses  performed a t  va r ious  p re se l ec t ed  a x i a l  s t a t i o n s  of 
t h e  pre l iminary  nozz le  design. These l o c a t i o n s  a r e  chosen s o  t h a t  a l l  c r i t i c a l  
a r e a s  r ece ive  s p e c i a l  a t t e n t i o n  and are of s u f f i c i e n t  number t h a t  a  smooth post-  
f i r i n g  e ros ion  and thermal  g r a d i e n t  contour may be prepared over t h e  e n t i r e  
nozz le  p r o f i l e .  The a n a l y t i c a l  techniques have been used on previous l a r g e  
motor programs. This  procedure cons iders  t h e  a c t u a l  thermal response of a  
m a t e r i a l  t h a t  r e a c t s  a t  t h e  s u r f a c e  wi th  t h e  p r o p e l l a n t  exhaust products  
(e ros ion)  and decomposes i n  depth ( cha r r ing ) .  The i n p u t  d a t a  r equ i r ed  f o r  
t h i s  program inc lude  m a t e r i a l  p r o p e r t i e s ,  dimensions, and s u r f a c e  hea t - t r ans fe r  
condi t ions .  The l a t t e r  a r e  e s t a b l i s h e d  us ing  a  boundary l a y e r  growth technique 
which cons iders  t h e  l o c a l  flow s u r f a c e  Mach numbers, nozz le  contour,  and pro- 
p e l l a n t  t r a n s p o r t  p r o p e r t i e s .  The r e s u l t i n g  boundary condi t ions  used i n  t h i s  
a n a l y s i s  a r e  summarized i n  Table 38. 
I n  a d d i t i o n ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  were v a r i e d  
according t o  t he  schedule shown i n  Table 39 t o  b e t t e r  account f o r  t h e  chamber 
p re s su re  v a r i a t i o n  t h a t  occurs  during t h e  f i r i n g .  
Based on these  d a t a ,  t h e  expected e ros ion ,  char  depth, and 
t o t a l  thermal  zone growth were determined and a r e  t abu la t ed  i n  Table 40. I n  
t h e  t a b l e ,  t h e  e ros ion  r ep resen t s  t h e  m a t e r i a l  l o s s  r e s u l t i n g  from e i t h e r  
chemical cor ros ion  and/or  mel t  removal. The char  zone depth is  defined a s  t he  
l o c a t i o n  of t h e  1 1 0 0 ' ~  (865 OK) isotherm, wh i l e  t he  t o t a l  thermal zone represented  
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by the 100°F (312 OK) i so therm.  As n o t e d ,  t h e  the rmal  e r o s i o n  a t  t h e  t h r o a t  is  
p r e d i c t e d  t o  b e  0 .88 i n .  (2.24 cm), which r e p r e s e n t s  a  l o s s  r a t e  6 .3  m i l s / s e c  
(0.016 c n / s e c )  o v e r  t h e  motor web t i m e ,  Th is  compares t o  a measured v a l u e  of 
5.5 niJs/sec (0.015 cm/sec) f o r  t h e  75 s e c  web t i m e  of 260-SL-3. The d i f f e r -  
cqce i s  a t t r i b u t e d  t o  a h i g h e r  average  chamber p r e s s u r e  and a s l i g h t l y  in-  
crease6 chemical  c o r r o s i o n  p o t e n t i a l  f o r  t h e  HTPB t y p e  p r o p e l l a n t .  
The expec ted  a b l a t o r  s u r f a c e  l o s s  and c h a r  zone a t  t h e  
ead o f  t h e  f i r i n g ,  as t a b u l a t e d  i n  Tab le  40, i s  shown p l o t t e d  on t h e  n o z z l e  
l a y o u t  i n  F i g u r e  53 ( forward s e c t i o n )  and F i g u r e  54 ( e x i t  cone) .  The the rmal  
response  a t  t h e  t h r o a t  and a t  t h e  most c r i t i c a l  l o c a t i o n  on t h e  e x i t  cone 
~ 3 3 ~ 2 s  liner i s  p l o t t e d  vs motor d u r a t i o n  i n  F i g u r e s  55 and 56,  r e s p e c t i v e l y .  
Eros ion  Jn t h e  canvas e x i t  cone l i n e r  i s  p l o t t e d  v s  a r e a  r a t i o  i n  F i g u r e  57. 
The e x i t  cone r e p r e s e n t s  a  n e a r l y  optimum des ign  i n  
relatian t o  t h e  l i n e r  t h i c k n e s s e s  s e l e c t e d .  The 100°F (312 OK) i s o t h e r m  i s  
just c d t s i d e  of t h e  overwrap i n t e r f a c e .  The n o z z l e  s e c t i o n  i s  more conserva- 
t i v e l y  des igned  as may b e  s e e n  i n  F i g u r e  53.  The combined e f f e c t s  of e r o s i o n ,  
cnar, and the rmal  zone growth,  as determined by t h e  computer a n a l y s i s ,  were n o t  
3s severe as w a s  assumed f o r  t h e  p r e l i m i n a r y  d e s i g n .  T h e r e f o r e ,  t h e  a c t u a l  
vinirnul.7 s a f e t y  f a c t o r  on t h e  Task 111 n o z z l e  d e s i g n  i s  somewhat h i g h e r  t h a n  
t5e :arget  v a l u e  ( 2 . 1  v s  1.5) a t  t h e  most c r i t i c a l  l o c a t i o n  ( E = 1 . 1 3 ) .  
Although i t  would b e  p o s s i b l e  t o  f u r t h e r  r e f i n e  t h e  f u l l -  
s c a l e  n o z z l e  d e s i g n  t o  reduce  t h e  l i n e r  t h i c k n e s s e s  forward of t h e  e x i t  cone,  
t h i s  t a s k  was cons idered  beyond t h e  scope  of t h i s  program, Ln an  a c t u a l  pro- 
duc tkon  program any m o d i f i c a t i o n  t o  t h i s  d e s i g n  would most probably  n o t  b e  
nsde  u n t i l  f i r i n g  d a t a  confirmed t h e  expec ted  performance and a  lower s a f e t y  
~na rg2n  could b e  j u s t i f i e d .  
b . S t r e s s  A n a l y s i s  
A s t r e s s  a n a l y s i s  was conducted t o  de te rmine  t h e  des ign  
a d e q m c y  of t h e  260-FL motor n o z z l e .  The A e r o j e t  El1405 f i n i t e  e lement  com- 
n t e r  r o u t i n e  was used f o r  t h e  a n a l y s i s  ( s e e  S e c t i o n  III .S.2 , a ) .  
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The des ign  loads  f o r  i npu t  i n t o  t h e  a n a l y s i s  included the 
following: 
Motor maximum expected opera t ing  p re s su re  (MEOP) of 750 p s i a  
(517 ~ / c m ~ ) .  
Axial  e j e c t i o n  f o r c e  of 1,000,000 l b  (4.45 MN) i n  t he  f:LexiSle s e a l ,  
Thermal g r a d i e n t  i n  t h e  nozz le  a b l a t o r  a t  motor burnout as deter -  
mined from t h e  h e a t  t r a n s f e r  a n a l y s i s .  
On t h e  b a s i s  of t h e  design loads ,  s a f e t y  f a c t o r s  of L,25 
on s t r u c t u r a l  components and 1.00 on a b l a t i v e  components were imposed, Ic 
add i t i on ,  t he  s t r a i n  w i th in  t h e  a b l a t i v e  components w a s  l i m i t e d  t o  C1,25%, 
HY-150 s t e e l  was s e l e c t e d  f o r  t he  con ica l  c lo su re  anci 
t h r o a t  support  nozz le  s t r u c t u r e .  Normalized 4130 s t e e l  was s e l e c t e d  f o r  t he  
e x i t  cone housing and a t t a c h  f l anges .  The e x i t  cone s t r u c t u r a l  overwrap was 
f a b r i c a t e d  of 184 g l a s s lpheno l i c  r e s i n .  Abla t ive  l i n e r  m a t e r i a l s  were carbon 
phenolic  and canvas phenol ic .  Ma te r i a l  p r o p e r t i e s  t h a t  were used i n  the 
a n a l y s i s  a r e  shown i n  Tables  41, 42, and 4 3 .  Elevated temperature property 
values  obtained from t h e  m a t e r i a l  c h a r a c t e r i z a t i o n  t a s k  of t h i s  p rog rm are 
included.  
De ta i l ed  a n a l y s i s  of t h e  nozz le  was performed by dividicg 
t h e  nozz le  i n t o  t h r e e  b a s i c  p a r t s :  (1) con ica l  c lo su re  wi th  the  f l e x i b l e  seai 
a f t  r i ng ,  (2) nozz le  t h r o a t  support  wi th  the  f l e x i b l e  s e a l  forward r i n g ,  and 
(3) t h e  e x i t  cone assembly. 
(1) P a r t  A: Conical Af t Closure 
I n  analyzing P a r t  A ,  t h e  s t r u c t u r e  was modeled by 
t h e  gridwork shown i n  F igure  58. The f l ange  a t  Po in t  A was assumed t o  be fixed, 
2 
and a  design p re s su re  of 938 p s i a  (647 N/cm ) (1.25 MEOP) was appl ied  t o  the 
i n s i d e  s u r f a c e  of t he  c losure .  I n  a d d i t i o n ,  t h e  e j e c t i o n  f o r c e  was d t s t r i b u t e d  
over  t h e  forward s u r f a c e  of t he  s e a l  a f t  r i n g .  I n  a c t u a l  ope ra t ion ,  torque i s  
app l i ed  t o  t he  s e a l  r i n g  a s  a  s i n u s o i d a l l y  varying edge load and has  the e f f e c t  
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of i n c r e a s i n g  o r  d e c r e a s i n g  t h e  uniformly d i s t r i b u t e d  e j e c t i o n  f o r c e  on t h i s  
sarface, S i n c e  t h e  computer program i s  l i m i t e d  t o  axisymmetr ic  l o a d i n g  con- 
d i t i o n s ,  the d e s i g n  v a l u e s  of t h e  d i s t r i b u t e d  a x i a l  l o a d  was t aken  as t h e  
ejection f o r c e  p l u s  t h e  maximum v a l u e  due t o  t o r q u e .  A breakdown of t h i s  
"Loadi12g i s  i n d i c a t e d  below: 
E j e c t i o n  Eorce: 1,000,000 x  1 . 2 5 1 2 ~  = 199,000 l b l r a d i a n  (885,000 N/rad) 
Torque c 5,000,000 x  1 . 2 5 1 5 6 ~  = 35,500 l b l r a d i a n  (158,000 N/rad) 
Design Load = 234,500 I b l r a d i a n  (1,043,000 N/rad) 
R e s u l t s  of t h e  a n a l y s i s  i n d i c a t e d  t h a t  t h e  maximum 
stress occu-rred a t  Element 3 1  ( F i g u r e  58).  The p r i n c i p a l  s t r e s s e s  i n  t h i s  
element were : 
2  R a d i a l  s t r e s s  - 2,250 p s i  (1550 N/cm ) ( t e n s i o n )  
A x i a l  s t r e s s  - 2  8 p s i  (5 .5  N/cm ) ( t e n s i o n )  
Hoop s t r e s s  2  - 63,206 p s i  (43,500 N/cm ) ( t e n s i o n )  
' r ~ e  m a - ~ g i n  of s a f e t y  b a s e d  on maximum stress t h e o r y  was +0.907. The margin of 
safe:y based on t h e  d i s t o r t i o n a l  energy f a i l u r e  (Von Mises) theory  y i e l d e d  a 
s l i g h t l y  l a r g e r  margin of s a f e t y  ($0.123) a s  a l l  t h e  p r i n c i p a l  s t r e s s e s  were 
LC tension, 
(2) P a r t  B: Nozzle Throa t  Support  
I n  t h e  P a r t  B a n a l y s i s ,  t h e  HY-150 t h r o a t  s u p p o r t  
was c o n s e r v a t i v e l y  assumed t o  t a k e  a l l  t h e  s t r u c t u r a l  l o a d s  w i t h o u t  con t r ibu-  
tion from the a b l a t i v e  l i n e r .  The s t r u c t u r a l  s h e l l  a l s o  l i m i t e d  s t r a i n  i n  t h e  
a b l a s i v e  l i n e r  t o  w i t h i n  0.25%. The p r e s s u r e  d i s t r i b u t i o n  c a l c u l a t e d  from 
c o ~ p r e s s i b l e ,  i s e n t r o p i c  (y = 1.2)  f low on t h e  n o z z l e  s u r f a c e  based on a  
L 
chamber n r e s s u r e  of 938 p s i  (647 N/cm ) was a p p l i e d  on t h e  s t e e l  s h e l l  s u r f a c e .  
2  
T n i s  p r e s s u r e  was found t o  v a r y  from 320 p s i  (221  N/cm ) a t  f l a n g e  A (see 
9 .  2 Elgure  59) t o  938 p s i  (647 N/cm ) a t s u r f a c e  B. A l o a d  was a l s o  a p p l i e d  t o  
f l ange  h sc  t h a t  t h e  r e s u l t a n t  h o r i z o n t a l  r e a c t c o n  a t  C would e q u a l  :he des ign  
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e j e c t i o n  f o r c e  of 1,250,000 l b  (5.56 MN). 
I n  a d d i t i o n  t o  t h e s e  loads ,  two poss ib l e  l o a d i n g  
condi t ions ,  wi th  and wi thout  chamber p re s su re  i n  a r e a  D ( s ee  F igure  59) , were 
considered i n  t he  ana lys i s .  The more c r i t i c a l  s t r e s s  condi t ion  was without  
p re s su re  i n  a r e a  D; i t  the re fo re  c o n t r o l l e d  t h e  design.  
From the  computer a n a l y s i s ,  a l l  s t r e s s e s  i n  P a r t  B 
were below t h e  al lowable y i e l d  and al lowable buckl ing of the  m a t e r i a l ,  ?or 
t he  most p a r t ,  however, s t r a i n  was the  governing f a c t o r .  The h ighes t  s t r a i n  
of 0.23% was a t  element 29,  showing a  margin of s a f e t y  of +0.087. 
The r e l a t i v e  movement a t  the  bear ing  j o i n t  between 
the  nozz le  s h e l l  and s e a l  forward r i n g  is  shown i n  F igure  60. No joint separa- 
t i o n  e x i s t e d  even a t  f u l l  chamber p re s su re .  
A t  t h e  at tachment  j o i n t s  between t h e  s e a l  and the  
nozz le  s t r u c t u r e ,  t h e  i n t e r f a c e  load  is  normally i n  compression from the  e jec-  
t i o n  f o r c e .  Even w i t h  t h e  maximum torque  of 5,000,000 in.- lb  (565,000 S) t h a t  
can be app l i ed ,  t h e  s epa ra t ing  f o r c e  a t  t h e  j o i n t  i s  smal l .  The design and 
spacing of t h e  attachment b o l t s  were, t h e r e f o r e ,  governed by good design 
p r a c t i c e s  cons ider ing  v i b r a t i o n  and handl ing condi t ions .  
(3) P a r t  6 :  E x i t  Cone Assembly 
I n  t h e  s t r e s s  a n a l y s i s  of t he  e x i t  cone assembly, 
t h e  e f f e c t s  of a b l a t i o n  were considered by using the  ab l a t ed  geometry of  the 
l i n e r  a t  burnout time a s  p red ic t ed  by h e a t  t r a n s f e r  a n a l y s i s .  Complete aniso- 
t r o p i c  (hoop, mer id iona l ,  and r a d i a l )  p r o p e r t i e s  of t h e  m a t e r i a l s  were used i~ 
the  a n a l y s i s .  P r o p e r t i e s  shown i n  Tables 42 and 43 were inpu t  f o r  each f l n L t e  
element i n  accordance wi th  t h e  temperature p r o f i l e  p red ic t ed  from the heat 
t r a n s f e r  a n a l y s i s .  For conservatism, s t a t i c  p re s su re  along the  nozzle  wall, 
c a l c u l a t e d  from compressible i s e n t r o p i c  flow, based on MEOP pressure ,  vas 
combined wi th  the  temperature p r o f i l e  a t  motor burnout i n  t h e  a n a l y s i s .  
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Two r e g i o n s  i n  t h e  n o z z l e  e x i t  cone t h a t  were 
e,cDected t o  r e s u l t  i n  maximum stress were  ana lyzed  i n  d e t a i l .  These r e g i o n s  
were at t h e  carbon phenol ic- to-canvas  p h e n o l i c  i n t e r f a c e  ( a r e a  r a t i o  of 2.3) 
and at t h e  mechanical  j o i n t  between t h e  two e x i t  cone a s s e m b l i e s  ( a r e a  r a t i o  
or 3,851, S t r e s s e s  i n  t h e  t h r e e  o r t h o g o n a l  d i r e c t i o n s  f o r  each e lement  were 
obtained, A summary of t h e  maximum s t r e s s e s  and s t r a i n s  i s  t a b u l a t e d  i n  
T a b l e  44, The r e s u l t s  i n d i c a t e d  t h a t  minimum s a f e t y  f a c t o r s  of 2 .0  e x i s t e d  
Ln ali- l o c a t i o n s .  
D i s t r i b u t i o n  of t h e  maximum s t r e s s  and s t r a i n  i n  
the exit cone l i n e r  and s t r u c t u r a l  s u p p o r t  were p l o t t e d .  S t r e s s  and s t r a i n  
plots i n  the r e g i o n  of t h e  2 . 3  a r e a  r a t i o  are shown i n  F i g u r e s  6 1  and 62 .  
Maximum s t r e s s  and s t r a i n  d a t a  f o r  t h e  r e g i o n  of 3.85 a r e a  r a t i o  a r e  shown 
i n  F i g u r e s  63 and 64. The r e s u l t s  conf i rm t h e  s t r u c t u r a l  adequacy of t h e  
proposed f u l l - s c a l e  n o z z l e  d e s i g n .  
6. F a b r i c a t i o n  P l a n  f o r  A b l a t i v e  Components 
A d e s c r i p t i o n  of t h e  f a b r i c a t i o n  methods planned f o r  each 
component of t h e  f u l l - s c a l e  low-cost n o z z l e  assembly is  p r e s e n t e d  i n  t h e  
f o l l m r i n g  paragraphs .  D e t a i l e d  requ i rements  f o r  t h e  p r o d u c t i o n  of t h i s  n o z z l e  
are inc4.uded i n  t h e  material  and p r o c e s s i n g  s p e c i f i c a t i o n s  t h a t  were p repared  
l u r i c g  the Task 111 p o r t i o n  of t h i s  program and submi t t ed  p r e v i o u s l y  t o  t h e  
NASA-LeRC p r o j e c t  manager. These s p e c i f i c a t i o n s  a r e :  
ASPC Development 
SpecifFcat r ion No. T i t l e  
AGC-34467 Molding Tape, Carbon F a b r i c ,  Res in  Impregnated 
AGC-34468 Molding Tape, Canvas Duck F a b r i c ,  Res in  Impregnated 
AGC-36595 A b l a t i v e  Components, Tape Wrapped, P r o c e s s  C o n t r o l  of 
866-36596 Nozzle Assembly, P r o c e s s  C o n t r o l  of 
AN-36597 E x i t  Cone Assembly, P r o c e s s  C o n t r o l  of 
AGC-36598 G l a s s  F a b r i c ,  Epoxy Impregnated,  A p p l i c a t i o n  of 
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a .  Closure I n s u l a t o r  
The c losu re  i n s e r t  i s  a s ing le -ma te r i a l  (canvas) component 
t h a t ,  because of i t s  r e l a t i v e l y  mild thermal environment, can t o l e r a t e  a w i d e  
range of laminate  o r i e n t a t i o n .  The s e l e c t i o n  of t h e  tape-wrapping angle, 
t h e r e f o r e ,  i s  e s s e n t i a l l y  l i m i t e d  t o  t h e  ease  and c o s t  of f a b r i c a t i o n ,  This  
component has  no 260-SL-3 coun te rpa r t ,  b u t  is  roughly comparable t o  t he  240-SL-i,  
-2 en t rance  p i ece .  
The obvious choice of a pa ra l l e l - t o -cen te r  l i n e  ori- nnta- 
t i o n  o f f e r s  t h e  advantages of a h igh  as-wrapped dens i ty  and the  lower material 
c o s t s  t h a t  a r e  a v a i l a b l e  when us ing  warp-cut tape.  However, t h e  m a x i m m  radial 
th ickness  of t he  as-wrapped b i l l e t  would be  approximately 9 i n .  (22-8 cm), T?is 
t h i ckness  would r e s u l t  i n  s eve re  wr inkl ing  during a hydroclave ( o r  au tac leve)  
cure  cyc le ,  un less  t h e  b i l l e t  were sub jec t ed  t o  in te rmedia te  debulk cycles 
every 3 t o  4 i n .  (7.6 t o  10.2 cm) during wrapping. Since the  t o t a l  p r o j e c t e d  
r a d i a l  th ickness  of t h e  f i n i s h e d  p a r t  is  approximately 15 i n .  (38 cm), the 
innermost wrap would be  sub jec t ed  t o  t h r e e  o r  f o u r  debulk cyc les  p r i o r  t o  the 
f i n a l  cu re  cyc le .  The a d d i t i o n a l  c o s t  of t h e  debulk cyc les  and the  risk of 
advancing t h e  r e s i n  system t o  t h i s  degree p r i o r  t o  f i n a l  cure make t h i s  wrap 
o r i e n t a t i o n  undes i rab le .  
Therefore,  an 80 degree (1.4 rad)  wrap angle  was selected 
f o r  use  w i t h  a net-molded mandrel contour a s  shown i n  F igure  65.  M a x i m u m  re- 
o r i e n t a t i o n  of t he  p l i e s  i s  expected t o  be of t he  o rde r  of 10 degrees (0.17 rad) 
a t  t h e  sma l l  diameter end of t he  p a r t ,  r e s u l t i n g  i n  a minimum orientatLon o f  
approximately 70 degrees (1.22 r a d ) .  This  laminate  o r i e n t a t i o n  permits  a more 
e f f i c i e n t  wrapping ope ra t ion  s i n c e  only h a l f  a s  many tape width changes are 
requi red  t o  achieve t h e  s a m e  m a t e r i a l  economy. The i n s e r t  would be  cured a t  
e i t h e r  hydroclave o r  au toc lave  p re s su re  and machined t o  mate wi th  t he  cissure 
con tou r .  
b .  Submerged I n s e r t  
The submerged i n s e r t ,  which a l s o  se rves  a s  a themai  p ro -  
t e c t i o n  f o r  t he  f l e x s e a l ,  i s  e s s e n t i a l l y  a pa ra l l e l - t o -cen te r  l i n e  component of 
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both canvas and carbon c l o t h .  No overwrap i s  r e q u i r e d .  The p a r t  is  similar 
to t h e  260-SL-3 submerged i n s e r t ,  which had an  82 degree  (1.43 r a d )  l a m i n a t e  
orientation, b u t  i n c l u d e s  t h e  nose-cap ( a r e a  r a t i o  l . 8 l : l )  which p r e v i o u s l y  
was a part of t h e  nose  i n s e r t  ( s e e  F i g u r e  66 f o r  b i l l e t  c o n f i g u r a t i o n ) .  
Two p o t e n t i a l  f a b r i c a t i o n  problems a r e  e v i d e n t  i n  t h i s  
component. The maximum p l y  w i d t h  o f  t h e  canvas  i s  i n  excess  of 1 6  i n .  (40.7 cm), 
and t h e  maximum as-wrapped p l y  t h i c k n e s s  would b e  n e a r l y  5 i n .  (12.7 cm). The 
wrapping of  16 i n .  (40.7  cm) t a p e  h a s  n o t  been demonstra ted and would v e r y  
I l ~ k e l y  r e q u i r e  s i g n i f i c a n t  development i f  uniform r o l l e r  compaction and t a p e  
t e n s i o n  were t o  b e  ach ieved .  T h e r e f o r e ,  a s p i r a l  wrap p a t t e r n ,  such as was 
used Lcr the  260-SL-3 overwrapping,  i s  t h e  l o g i c a l  cho ice  t o  o b t a i n  a  un i fo rmly  
h igh  as-krapped d e n s i t y .  
The e x c e s s i v e  as-wrapped t h i c k n e s s  cou ld  r e s u l t  i n  an  un- 
desirable degree  of w r i n k l i n g ,  p a r t i c u l a r l y  i n  t h e  carbon nose  p i e c e ,  because  
of l i m i t a t i o n s  on t h e  a b i l i t y  of t h e  l a r g e r  d iamete r  p l i e s  t o  compress circum- 
Zeren t i a l ly .  Th is  would b e  a l l e v i a t e d  by an  i n t e r m e d i a t e  debulk c y c l e  dur ing  
.c~-rlapping. 1:ncorporation of methods t o  c o n t r o l  w r i n k l i n g  may be  n e c e s s a r y  
daring the debulk and f i n a l  c u r e  c y c l e s .  The forward f a c e  of t h e  canvas s e c t i o n  
would b e  machined a f t e r  debu lk ing ,  p r i o r  t o  i n i t i a t i o n  of t h e  carbon wrap, t o  
y ~ o v i d e  a s u i t a b l e  i n t e r f a c e  between t h e  two m a t e r i a l s ,  The p a r t  s i z e  w i l l  
2 pem.ic curing a t  hydroc lave  o r  a u t o c l a v e  p r e s s u r e s  of abou t  300 p s i  (207 N/cm ) .  
The as-wrapped b i l l e t  i s  shown i n  F i g u r e  66.  
c. Nose I n s e r t  
The nose  i n s e r t  i s  s i m i l a r  t o  t h e  cor responding  260-SL-3 
co:nponent and would be  f a b r i c a t e d  i n  a  l i k e  manner e x c e p t  t h a t  t h e  p i e c e  does 
qot include t h e  o u t e r  n o s e  cap,  which was s e p a r a t e l y  wrapped, debulked,  machined, 
arid then cured w i t h  t h e  a f t  s e c t i o n  of t h e  i n s e r t .  As a  r e s u l t ,  t h i s  p a r t  would 
be muc$ e a s i e r  t o  f a b r i c a t e  t h a n  i t s  260-SL-3 c o u n t e r p a r t .  
The l a m i n a t e  would b e  wrapped a t  90 degrees  (1 .7  r a d )  
(Figure 67) and debulked.  The b a c k s i d e  con tour  would be  machined and overwrapped 
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with canvas phenolic .  Following a 300 p s i  (207 N/cm ) cure ,  t he  i n s e r t  wculd 
be f i n a l  machined on t h e  back f ace .  The flame contour would be machined after 
assembly. 
d. Entrance I n s e r t  
This p a r t  would be e s s e n t i a l l y  t h e  same a s  t he  cosres- 
ponding 260-SL-3 component. The i n s e r t  would b e  wrapped wi th  b ias -cu t  carbon 
t ape  a t  an  ang le  of 67 degrees (1.17 rad)  on a net-contoured mandrel (see 
F igure  68) .  It would be  preformed, machined, overwrapped wi th  warp-cut canvas 
t ape  on a s p i r a l  p a t t e r n ,  cured, and f i n a l  machined. 
e .  Throat  I n s e r t  
The t h r o a t  i n s e r t  would b e  f a b r i c a t e d  i n  t he  same Planner 
a s  i t s  260-SL-3 counterpar t .  The carbon bias-cut  tape  would be wrapped a t  a 
normal 50 degree (0.87 rad)  t o  c e n t e r  l i n e  angle  on a two-piece net--contour 
mandrel a s  shown i n  F igure  69. The preforming and subsequent opera t ioqs  would 
be s i m i l a r  t o  those  f o r  t he  en t r ance  i n s e r t .  Appl ica t ion  of t he  canvas over- 
wrap t o  t h e  three-cone s u r f a c e  would r e q u i r e  c a r e f u l  wrapping techniques to 
avoid excess ive  ro l le r -edge  compaction a t  t h e  c o n i c a l  i n t e r f a c e s ,  Canvectbonal 
cure procedures  would be u t i l i z e d .  
f .  Forward E x i t  Cone Liner  
The forward e x i t  cone l i n e r  provides t he  i n t e r n a l  contour 
between t h e  a r e a  r a t i o s  of 1.10 and 3.72, inc luding  t h e  t r a n s i t i o n  f rom ?the 
t h r o a t  r ad ius  contour t o  t h e  e x i t  contour a t  a maximum divergence angle of 
34.5 degrees (0.6 r a d ) .  This p a r t  i s  roughly comparable t o  t he  t h r o a t  exten- 
s i o n  i n s e r t s  of t h e  260-SL motors,  and uses  both carbon- and canvas duck- 
phenol ic  l i n e r s  w i th  a canvas-phenolic overwrap i n  the  forward s e c t l o n  where 
t h e  l i n e r  bonds t o  t h e  s t e e l  s h e l l .  
The laminate  o r i e n t a t i o n  of t h i s  component i s  parailel 
t o  t h e  c e n t e r  l i n e .  Although the  260-SL t h r o a t  ex tens ions  were wrapped a t  
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30 degrees (0 .53  sad ) ,  o t h e r  l a r g e  nozz les  have performed s u c c e s s f u l l y  with 
p a r a l l e l  o r i e n t a t i o n  a t  t h e s e  a r e a  r a t i o s .  The s e l e c t i o n  is  t h e r e f o r e  a 
matter of f a b r i c a t i o n  cons ide ra t ion  and n o t  a b l a t i v e  performance. 
Wrapping t h i s  type  of l i n e r  a t  a 30 degree ( 0 .53  rad)  
n ~ g l e  w o ~ t B d  p re sen t  unique f a b r i c a t i o n  d i f f i c u l t i e s .  Because of t he  geometry, 
wrapping m u s t  be  done from the  sma l l  end wi th  the  l a r g e  diameter up. I n  t h i s  
p a s i t i o n  t h e r e  i s  a tendency f o r  t h e  in-process b i l l e t  t o  slump away from the  
mandrel, l d l~ i l e  t h i s  may b e  a l l e v i a t e d  by c a r e f u l  s e l e c t i o n  of m a t e r i a l  wrap- 
i y ~ g   ropert ties and the  in-process u se  of sh r ink  t ape  o r  carbon dioxide coolant ,  
Lne centour of t h e  forward e x i t  cone l i n e r  is much more seve re ,  having a maximum 
d ive rgence  angle  of 34.5 degrees (0.6 rad)  compared wi th  t h e  17.5 degrees 
(3-34 srad) of t h e  e a r l i e r  components. The f e a s i b i l i t y  of wrapping b i a s  t ape  
with t he  sma l l  end of t h e  mandrel up and t h e  wrapping head i n v e r t e d  i s  no t  known 
but  appears undes i rab le .  
Wrapping p a r a l l e l  t o  t he  c e n t e r  l i n e  over t he  contoured 
na~dre2 should p re sen t  no s p e c i a l  f a b r i c a t i o n  problems and t h i s  i s  t h e  tech- 
nique s e l e c t e d .  The l i n e r  would be wrapped, debulked, machined, overwrapped, 
and f inal .  cured. A hydroclave o r  au toc lave  cure  process  would be  used f o r  
this compon~ent. The s i z e  of t h e  p a r t  i s  w i t h i n  e x i s t i n g  f a c i l i t y  wrapping and 
curing c a p a b i l i t i e s .  
g. Af t  E x i t  Cone Liner  
Fab r i ca t ion  of t h e  a f t  e x i t  cone l i n e r  should p re sen t  no 
unuszal  problems. Although t h e r e  is only l i m i t e d  experience with canvas phen- 
o l i c  m a t e r i a l ,  i t  appears  t o  be  s i m i l a r  t o  s i l i c a  phenol ic  i n  ease  of f ab r i ca -  
t i o n ,  The conf igura t ion  of t h e  p a r t  is  n o t  unusual,  b u t  the  maximum diameter 
i s  beyond e x i s t i n g  au toc lave  o r  hydroclave c a p a b i l i t i e s .  A s imple vacuum bag 
oven cure has been considered,  b u t  subsca l e  r e s u l t s  t o  d a t e  have no t  been 
e rcourag ing ,  Maximum l i n e r  dens i ty  i s  probably n o t  requi red  f o r  t h i s  p a r t ,  
therefare a low-pressure cure procedure would be adequate.  The use  of nylon 
tensLon-wrap would b e  u t i l i z e d  f o r  c o n t r o l l i n g  laminate  o r i e n t a t i o n s  and f o r  
p rov t z ing  the d e s i r e d  cure  compaction. A f i n a l  dens i ty  of about 98% of t h a t  
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expected from an au toc lave  cured p a r t  could b e  expected. The processing 
sequence would inc lude  pa ra l l e l - t o -cen te r  l i n e  t ape  wrapping, machining of 
t h e  as-wrapped l i n e r ,  pa ra l l e l - t o - su r f ace  overwrapping of t he  g l a s s  tape, 
nylon tension-wrap cure,  and f i n a l  machining of t h e  forward s u r f a c e  where the 
attachment f l ange  would be  bonded t o  t h e  s t r u c t u r e .  Although t h e  component 
i s  extremely l a r g e ,  no s p e c i a l  f a b r i c a t i o n  requirements a r e  envisioned,  No 
nozz le  f a b r i c a t o r  p re sen t ly  has  t h e  equipment o r  f a c i l i t i e s  requi red  t o  wrap, 
machine, o r  cure  a  p l a s t i c  component of t h i s  l a r g e  s i z e ,  270 i n .  d i a  (6.86 m), 
7. Ful l -Scale  Nozzle Cost Est imate 
A product ion c o s t  e s t ima te  f o r  t h e  f u l l  s c a l e  260-FL n o z z l e  
design (Figures  5 1  and 52) was prepared and i s  discussed i n  t h e  fol lowing 
s e c t i o n s .  The e s t ima te  i s  based on t h e  assumption of a  30 motor program, i* r i t l~  
a  nozz le  product ion r a t e  of 6  u n i t s l y e a r  f o r  5  yea r s .  The s e l e c t i o n  of t5e 
product ion quan t i t y  has  a  s i g n i f i c a n t  e f f e c t  on t h e  per-uni t  nozz le  c o s t ,  
Tooling, f a c i l i t y ,  and nonrecurr ing  l abo r  c o s t s  on a  prora ted  b a s i s  -vary from 
$62,500 t o  $187,700 per  u n i t  depending upon whether a  30 o r  a  t e n  mocor program 
is  being considered.  No t r a n s p o r t a t i o n  c o s t s  have been included i n  the esti- 
mate, a s  t h i s  i t em i s  normally handled by Government Bill-of-Lading (GBL)- 
A s  shown i n  the  f u l l - s c a l e  nozz le  c o s t  summary (Table 1451, m e  
nozzle  assembly u n i t  cos t  i s  $899,334, of which $565,844 i s  a t t r i b u t a b l e  t o  t he  
nozz le  and $333,490 t o  t he  e x i t  cone. The a d d i t i o n  of a  f l e x s e a l  f o r  TVC would 
i nc rease  t h e  c o s t  by $62,300 f o r  a  t o t a l  of $961,634, exc lus ive  of any secessary  
a c t u a t o r s ,  hydraulic-power system, o r  r e l a t e d  subsystems. 
The inco rpora t ion  of t h e  low-cost a b l a t i v e  m a t e r i a l s  ir :be 
f u l l - s c a l e  nozz le ,  no tab ly  t h e  canvas duck phenol ic  and lower-cos t carbons, 
r e s u l t s  i n  an o v e r a l l  sav ings  of approximately $80,200, i n  comparison w b t a  a 
comparable design us ing  the  convent ional  MX-4926 carbon and M-5131 sillca 
phenol ics .  The cos t  of t h e  a b l a t i v e  pre-preg m a t e r i a l s  r ep re sen t s  about 25% 
of t he  t o t a l  nozz le  c o s t ,  t h e r e f o r e  t he  sav ings  r e a l i z e d  by the  use of lo\; cast 
m a t e r i a l s  r e s u l t s  i n  an o v e r a l l  nozz le  cos t  reduct ion  of about  9%.  
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The e s t i m a t e d  c o s t  of t h e  n o z z l e  s t e e l  components is  t h e  most 
subject t o  u n c e r t a i n t y .  There  a r e  no  260-SL components t h a t  are s u f f i c i e n t l y  
s i r i l a r  i n  d e s i g n  t o  p e r m i t  an a c c u r a t e  comparison of manufactur ing c o s t  d a t a .  
The t w o  Large s t e e l  f a b r i c a t o r s  t h a t  were  s o l i c i t e d  f o r  a n  ROM e s t i m a t e  on t h e  
ra ;o r  s t r u c t u r a l  p a r t s  d e c l i n e d  t o  p r o v i d e  any c o s t  i n f o r m a t i o n  on a n  i n f o r m a l  
and m f 7 ~ n d e d  b a s i s .  T h e r e f o r e ,  t h e  g e n e r a l  rule-of-thumb of u s i n g  a  $20 / lb  
($4h/~g) f i g u r e  f o r  t h e  approximate  c o s t  of t h e  f i n i s h e d  p a r t  was a p p l i e d .  
Becacse of t h e  i n h e r e n t  toughness  of HY-150 s t e e l ,  welding s t a n d a r d s  may b e  
r e l a x e d ,  which, when combined w i t h  t h e  i n i t i a l  lower c o s t  of t h e  m a t e r i a l  
(corpared ~ i t h  maraging s t e e l ) ,  may r e s u l t  i n  a  r e d u c t i o n  of t h e  $ 2 0 / l b  e s t i -  
nate ,  Ic a d d i t i o n ,  t h e  proposed p r o d u c t i o n  r a t e  a l l o w s  o p t i m i z a t i o n  of f o r g i n g  
design and f o r  t o o l i n g  f o r  a l l  f l a n g e s  and t h i c k e r  s e c t i o n s ,  t h u s  reduc ing  
machining t ime and m a t e r i a l  s c r a p  l o s s .  
The e s t i m a t e d  c o s t  of a b l a t i v e  m a t e r i a l s  i s  n o t  comparable t o  
the material c o s t s  o f  t h e  n o z z l e  d e s i g n  used i n  t h e  t r a d e  s t u d y  d i s c u s s e d  i n  
3 e c t i g n  I I I . D . 1 .  Th i s  is because  of t h e  c o n s i d e r a b l e  d i f f e r e n c e  i n  t h e  com- 
p l e x i t y  of  t h e  two n o z z l e  d e s i g n s ,  t h e  low-cost a b l a t i v e  n o z z l e  be ing  by f a r  
the e a s i e s t  t o  f a b r i c a t e .  
An e x p l a n a t i o n  of how each i t e m  i n  t h e  c o s t  summary (Table  45) 
w a s  derived i s  i n c l u d e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  The t o t a l  c o s t  i s  b e l i e v e d  
t o  b e  t h e  most r e a l i s t i c  t h a t  h a s  been p u b l i s h e d  t o  d a t e  f o r  a 260-FL motor 
nozz le ,  p a r t i c u l a r l y  i n  view of t h e  f a c t  t h a t  t h i s  n o z z l e  r e p r e s e n t s  a  f l i g h t -  
weight d e s i g n ,  u t i l i z i n g  s t a t e - o f - t h e - a r t  m a t e r i a l s  and f a b r i c a t i o n  t e c h n i q u e s ,  
and bas been v e r i f i e d  by t h e r m a l  and s t r u c t u r a l  a n a l y s e s .  
a. A b l a t i v e  M a t e r i a l  Cos t s  
The c o s t  o f  t h e  res in- impregnated a b l a t i v e  and g l a s s  t a p e s  
w e d  in the f u l l - s c a l e  n o z z l e  h a s  been d e t e m i n e d  i n  a  manner t h a t  i n s u r e s  maxi- 
num accuracy c o n s i s t e n t  w i t h  t h e  f l u c t u a t i n g  q u o t a t i o n s  o b t a i n e d  by t h e  major 
s u p q l i e r s  over  t h e  p a s t  few y e a r s .  Contrary  t o  the d e s i g n  p r a c t i c e  used on t h e  
250-SL 17ezales where t h e  m a t e r i a l s  were  s p e c i f i e d  by t r a c e  name o r  d e s i g n a t i o n ,  
the lew-cost  n o z z l e  pre-preg s p e c i f i c a t i o n s  a r e  w r i t t e n  s o  a s  t o  e n a b l e  t h e  u s e  
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of t ape  from any one of s e v e r a l  s u p p l i e r s .  The cost-per-pound of most pacer- 
i a l s  being considered f o r  use i n  t h e  f u l l - s c a l e  design were s o l i c i t e d  early 
i n  t h i s  program. These c o s t s ,  f o r  warp-cut carbon and canvas duck tape ;n 
1000 l b  (454 k g ) ,  minimum, l o t s  a r e  shown below. 
* 3; 
Carb on Canvas-Duck 
$21.40 Average $1.88 Average 
While $21.40 was t h e  average p r i c e  f o r  t h e  carbon tapes 
of i n t e r e s t ,  i t  i s  f e l t  t h a t  because of t h e  q u a n t i t i e s  t h a t  would b e  r e q u i r e d  
f o r  a 30 nozz le  o rde r  and t h e  competi t ion f o r  a program of t h i s  scope,  a more 
r e a l i s t i c  c o s t  of $20.00 l b  ($44/kg) could be  expected. A c u t t i n g  charge of 
$1.50/lb ($3.30/kg) f o r  b i a s  t ape  is  assumed. Thus, $20.00 and $21,50/1b 
($44.00 and $47.30/kg) (warp and b i a s )  were used f o r  t h e  c o s t s  of t h e  csrDon 
pre-preg raw m a t e r i a l  used i n  t h e  c o s t  e s t ima te .  Likewise, va lues  of $1-83 
and $3.30/lb ($3.97 and $7.30/kg) were used f o r  t h e  warp and b ias -cu t  cenvas 
duck-phenolic m a t e r i a l ;  which i s  e s s e n t i a l l y  t h e  average p r i c e  noted above 
f o r  t h e  warp-cut m a t e r i a l .  
The amount of m a t e r i a l  r equ i r ed  was ob ta ined  by determin- 
i ng  t h e  volume, and subsequent ly ,  t h e  weight of t h e  as-wrapped b i l l e t f o r  rear,'? 
component. (The b i l l e t  con f igu ra t i ons  a r e  shown i n  Figures  65 through 69,) An 
a d d i t i o n a l  5% (of t h e  b i l l e t  weight)  was added t o  each p a r t  f o r  sc rap- loss  and 
cont ingenc ies .  Each b i l l e t  has  s u f f i c i e n t  m a t e r i a l  t o  account f o r  cure sfiriacage 
*The m a t e r i a l  de s igna t ions  have been omit ted a t  t h e  r eques t  of c e r t a i n  
s u p p l i e r s  t o  p r o t e c t  t h e i r  compet i t ive  p o s i t i o n .  
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and test specimen removal. Weight and c o s t  d a t a  of each m a t e r i a l  r e q u i r e d  f o r  
tzre nczzle and e x i t  cone a r e  summarized i n  T a b l e  46. 
The p r i c e s  shown i n  Tab le  47 a r e  p rov ided  f o r  informa- 
t i o n  cnly and are based on t h e  purchase  of 5000 l b  (2273 kg) minimum l o t s  and 
i e l ive ry  i n  1000 l b  (455 kg) r e l e a s e s .  G e n e r a l l y ,  l i k e  p r o d u c t s  and g r a d e s  
sell xhithin a narrow p r i c e  range  i n  a  f r e e l y  c o m p e t i t i v e  market .  For  t h i s  
reason, t h e  p r i c e s  of t h e  commercially a v a i l a b l e  t a p e  and molding g r a d e s  a r e  
Listed a g a i n s t  g e n e r i c  sys tems r a t h e r  t h a n  s p e c i f i c  t r a d e  names. I n  o r d e r  f o r  
~ r i c e s  t o  "be t r u l y  c o m p e t i t i v e ,  a p p l i c a b l e  m a t e r i a l  s p e c i f i c a t i o n s  s h o u l d  b e  
broad enough t o  cover  e q u i v a l e n t  m a t e r i a l s ,  and shou ld  i n c l u d e  on ly  t h o s e  
-equizernents t h a t  a r e  s p e c i f i c a l l y  r e l a t e d  t o  t h e  expec ted  performance.  
b .  Labor Cos t s  
D i r e c t  l a b o r  c o s t s  a s s o c i a t e d  w i t h  t h e  manufacture  of t h e  
'uPT--scale n o z z l e  were determined from a c o s t  e s t i m a t e  i n  s u p p o r t  of t h e  Phase  1 
~ o s  t s t u d y  '7'. This  e s t i m a r e  was based  on t h e  omnivector ,  movable-nozzle d e s i g n  
(Aero2et  Drawing 1005017). As mentioned p r e v i o u s l y ,  t h i s  n o z z l e ,  w h i l e  hav ing  
:he sane tti-mroat d iamete r  and a s i m i l a r  e x i t  cone,  i s  c o n s i d e r a b l y  more compli- 
cated i n  all s e c t i o n s  forward of t h e  t h r o a t .  T h e r e f o r e ,  t h e  l a b o r  e s t i m a t e s  
for p r o d u c t i o n  of t h e  low-cost n o z z l e  have been a d j u s t e d  a c c o r d i n g l y ,  For 
example, t h e  omnivector n o z z l e  h a s  f i v e  more a b l a t i v e  i n s e r t s  t h a n  t h e  low-cost 
de s ign ,  The e x i t  cone had a honeycomb s t r u c t u r a l  r e in forcement  overwrapped w i t h  
glass tape and rov ing ,  as compared w i t h  a s imple  g l a s s  t a p e  overwrap. 
A r a t i n g  s c a l e  was a p p l i e d  t o  t h e  two d e s i g n s  i n  o r d e r  t o  
arrive a t  a r e l a t i v e  complexi ty  f a c t o r  which would t a k e  i n t o  c o n s i d e r a t i o n  t h e  
manufactur ing o p e r a t i o n s  of b o t h  n o z z l e s .  Th i s  f a c t o r  was t h e n  a p p l i e d  t o  t h e  
estimate of  man h o u r s  r e q u i r e d  t o  produce t h e  omnivector n o z z l e ,  a t  t h e  s i x  
u n i t  /year d e l i v e r y  r a t e .  
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Resu l t s  of t h i s  comparison i n d i c a t e  t h a t  t h e  Pow-cost 
nozzle  should r e q u i r e  only 63.5% a s  g r e a t  a manpower expenditure  as the base- 
l i n e  u n i t ,  wh i l e  t he  e x i t  cone l a b o r  would be about 94% of i t s  counterpart. 
Thus, t h e  u n i t  l abo r  c o s t  w a s  c a l c u l a t e d  a s  fol lows:  
(1) Nozzle Throat  Assembly 
14,470 Hours (Phase I Study Est imate)  
x 0.635 Fac tor  of Re la t ive  Complexity 
9,188 D i r e c t  Labor Hours/Unit 
+ 300 Prora ted  Nonrecurring Di rec t  Labor 
9,488 T o t a l  D i rec t  Labor Hours 
(2) E x i t  Cone Assembly 
4,015 Hours (Phase I Study Est imate)  
0.94 Fac tor  of Re la t ive  Complexity X -  
3,774 Di rec t  Labor Hours/Unit 
+ 300 P ro ra t ed  Nonrecurring Di rec t  Labor 
4,074 T o t a l  D i rec t  Labor Hours 
The d i r e c t  l abo r  b a s i c  hourly r a t e  of $5-87 and the 
overhead r a t e  of $10.20 (174%) used h e r e i n  is  an Aeroje t  e s t ima te  based on in-- 
formation provided by a major nozzle  f a b r i c a t o r .  
c. Tooling Costs 
A product ion r a t e  of s i x  nozzle  assemblies  pe r  y e z r  does 
n o t  r e q u i r e  more than one s e t  of t oo l ing  f o r  any i n d i v i d u a l  i n s e r t  o r  component, 
The same t o o l i n g  i tems would be  requi red  f o r  t he  manufacture of a s i n g l e  ? o z z l e  
assembly, a l though t h e  degree of des ign  s o p h i s t i c a t i o n  would n a t u r a l l y  be less, 
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The i d e n t i f i c a t i o n  of r equ i r ed  too l ing  and the  es t imated  
c o s t  of each i t em l i s t e d  i n  Table 48 i s  based on t h e  cos t  s tudy  previous ly  
mentioned, These e s t ima te s  have been ad jus t ed  t o  r e f l e c t  a c t u a l  260-SL-3 tool-  
i n g  costs, 260-FL nozz le  design d i f f e r e n c e s ,  and t h e  p ro j ec t ed  1971-72 d o l l a r  
value.  A s  may be  seen from t h e  l i s t i n g ,  t h e  cos t  of t oo l ing  i s  a  s i g n i f i c a n t  
percectage of t h e  t o t a l  nozz le  c o s t ,  wi th  t he  e x i t  cone mandrels con t r ibu t ing  
the major s h a r e  of t h i s  expense. No a t tempt  has  been made t o  opt imize mandrel 
d e s i g n  o r  t o  conceive new mandrel f a b r i c a t i o n  concepts .  However, t h i s  i s  an 
area where t oo l ing  c o s t  reduct ions  of up t o  40% may be  poss ib l e .  
d. F a c i l i t y  Requirements 
The 260-FL nozz le  and e x i t  cone assembly c o n s i s t s  of 
seven individual tape-wrapped p a r t s .  Assuming a  product ion r a t e  of s i x  complete 
assenbfies pe r  yea r ,  a  t o t a l  of 42 components must be f a b r i c a t e d  annual ly.  This  
requirement exceeds the  f a c i l i t y  capac i ty  of any a b l a t i v e  component f a b r i c a t o r  
presently engaged i n  t h i s  s p e c i a l t y .  
The wrapping, machining, and autoclave/hydroclave cure  
f a c i l t t i e s  and l i m i t a t i o n s  of t h e  t h r e e  major nozz le  f a b r i c a t i n g  f i rms  i n  t he  
Southern C a l i f o r n i a  a r e a  were surveyed a s  a  p a r t  of t h i s  s tudy .  The s i g n i f i -  
cant r e s u k c s  of t h i s  i n v e s t i g a t i o n  a r e  summarized below: 
(1) A l l  t h r e e  f i rms  have t h e  a b i l i t y  t o  manufacture 
parts up t o  and inc luding  130 i n .  i n  d i a  (3.3 m ) ,  which excludes the  two e x i t  
cone s e c t i o n s  and t h e  c losu re  i n s u l a t o r .  None can meet t he  product ion r a t e  
reqairement with  t h e i r  e x i s  r i ng  f a c i l i t i e s .  
(2) Only one f i rm  has  the  c a p a b i l i t y  t o  wrap, machine, 
and au toc lave  cure t h e  forward e x i t  cone s e c t i o n  and c losu re  i n s u l a t o r .  
(3)  None of t h e  f i rms  can wrap o r  machine t h e  a f t  e x i t  
cone sect ion,  
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(4) A 36-f t .  ( 1 1  m)-dia au toc lave ,  capable of p re s su re s  
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t o  100 p s i  (69 N/cm ) a t  350°F (450°K), is  a v a i l a b l e  and i s  a c c e s s i b l e  t o  a  
b a r g e  Loading dock. No wrapping, machining, o r  overhead l i f t i n g  equipment 
ex Ls ts a t  t h i s  f a c i l i t y  , however. 
To a r r i v e  a t  t h e  most r e a l i s t i c  new f a c i l i t y  c o s t ,  
tFe requi red  program schedule f o r  a  30 motor program ( s i x  nozz les  pe r  year )  
war projec ted  on the  b a s i s  of t h e  f a b r i c a t o r  who p r e s e n t l y  has t he  b e s t  capa- 
b i l i t y  i n  regards  t o  t h e  number and s i z e  of wrappinglmachining and cure f a c i l -  
?ties and equipment. The Rohr Corp., Space Products  Div is ion ,  of Rivers ide ,  
C a l i f o r n i a  (manufacturer of t h e  260-SL-3 nozzle)  i s  prominent i n  t h i s  regard .  
Rohr p r e s e n t l y  has two v e r t i c a l  t u rn ing  machines t h a t  can be used t o  process  
a l l  a b l a t i v e  components forward of t h e  a f t  e x i t  cone s e c t i o n .  Thei r  cure  
f a c i l i t i e s  inc lude  two l a r g e  hydroclaves of 175 and 96 i n .  i n  diameter  (4.45 
acd 2 , 4 4  m) and an au toc lave  of 180 i n .  i n  diameter (4.57 m). A new v e r t i c a l  
rurn ing  machine wi th  a  capac i ty  of approximately 280 i n .  i n  diameter (7.12 m) 
w 5 i l  b e  requi red  and r e p r e s e n t s  t he  major f a c i l i t y  expenditure .  A new curing 
oven t h a t  can accommodate t h e  a f t  e x i t  cone and maintain a  con t ro l l ed  temper- 
ature environment of a t  l e a s t  350°F (450°K) is a l s o  needed. 
Even wi th  t h e  a d d i t i o n  of t h e  new turn ing  machine 
end assuming optimum f a c i l i t y  u t i l i z a t i o n  and a  m u l t i p l e  s h i f t  opera t ion ,  t he  
product ion capac i ty  a t  Rohr would be  ba re ly  adequate t o  meet nozz le  de l ive ry  
schedules  ( s ee  F igure  70) .  To provide some degree of scheduling f l e x i b i l i t y  
and t o  al low f o r  equipment maintenance and manufacturing cont ingencies ,  a  plan 
-<hereby a t  l e a s t  one and poss ib ly  two of t h e  sma l l e r  nozz le  i n s e r t s  would be 
fabr ic i . t ed  by another  f i r m  should be considered. This  more r e a l i s t i c  approach, 
t ~ b e n  combined wi th  manufacture of t h e  a f t  e x i t  cone a t  A-DD, r e s u l t s  i n  a  
schedule  (Figure 71) t h a t  is  n o t  s o  s e n s i t i v e  t o  s l i ppage  due t o  machine break- 
down o r  o t h e r  unforeseen problems. 
E s s e n t i a l l y ,  $1,000,000 of t he  new-fac i l i ty  requi re -  
ment i s  a s soc i a t ed  wi th  equipment needed f o r  f a b r i c a t i o n  of t he  a f t  e x i t  s e c t i o n .  
? 'his  cos t  was based on i n s t a l l a t i o n  of equipment i n  an e x i s t i n g  bu i ld ing  a t  the  
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Rohr p l a n t  t h a t  h a s  t h e  n e c e s s a r y  s u p p o r t i n g  f a c i l i t i e s  ( c r a n e ,  h e a t i n g / a i r -  
c o n d i t i o n i n g ,  e t c . )  It would b e  more d e s i r a b l e  from a l o g i s t i c s  s t a n d p o i n t  ~o 
f a b r i c a t e  t h i s  p a r t  a t  t h e  motor p r o c e s s i n g  s i t e  (A-DD). The c o s t  of a b u i l 2 -  
i n g  t o  house  t h e  f a b r i c a t i o n  equipment a t  A-DD would b e  an  a d d i t i o n a l  $300,060, 
which would b e  l e s s  t h a n  t h e  c o s t  of s h i p p i n g  30 a f t  e x i t  cone s e c t i o n s  from 
C a l i f o r n i a  t o  F l o r i d a  v i a  t h e  Panama Canal.  
The v e r y  h i g h  f i n a n c i a l  o u t l a y  f o r  t h e  f a c i l i t y  and 
t o o l i n g  r e q u i r e d  f o r  p r o d u c t i o n  of t h e  extremely l a r g e  tape-wrapped exit coce 
a f t  s e c t i o n  p r o v i d e s  a s t r o n g  argument f o r  f u r t h e r  development of a l t e r n a t i v e  
n o z z l e  f a b r i c a t i o n  methods d i s c u s s e d  i n  S e c t i o n  I I I . D . 9 .  
8. Other  F a c t o r s  I n f l u e n c i n g  Large Nozzle F a b r i c a t i o n  Costs  
a. E f f e c t  of P r o c e s s i n g  D e f e c t s  
As a r e s u l t  of p r e v i o u s  i n v e s t i g a t i o n s  conducted for 
NASA and r e p o r t e d  i n  ~ e f e r e n c e ' ~ ) ,  t h e  e f f e c t s  of d e f e c t s  on t h e  performance 
of t h e  tape-wrapped carbon and s i l i ca  f lame l i n e r s  can b e  p r e d i c t e d  w i t h  
g r e a t e r  a s s u r a n c e .  D e f e c t s  i n  t h e  canvas duck components have n o t  been s t u d i e d  
i n  t h e  same d e t a i l ,  b u t  may be  i n f e r r e d  from t h e  r e s u l t s  observed f o r  the 
carbon and s i l i c a  composi tes .  
Th i s  added knowledge as t o  what c o n s t i t u t e s  a  d e f e c t  
(whether o r  n o t  i t  w i l l  have an a d v e r s e  e f f e c t  on n o z z l e  performance) w411 rcr- 
n i t  t h e  accep tance  of p a r t s  p r e v i o u s l y  r e j e c t e d  o r  s u b j e c t e d  t o  c o s t l y  r, a ~ ~ r ~ ,  
I n  a d d i t i o n ,  t h e  manufactur ing s p e c i f i c a t i o n s  may be  w r i t t e n  w i t h  wider  Cole-.- 
ances  on m a t e r i a l  p r o p e r t i e s  and a c c e p t a n c e  c r i t e r i a ,  and t h i s  w i l l  a l s o  lead 
t o  an  o v e r a l l  l e s s -expens ive  n o z z l e .  
The f i n d i n g s  of t h e  r e f e r e n c e d  program were iacorporat,cl 
i n  t h e  m a t e r i a l  and p r o c e s s  s p e c i f i c a t i o n s  ( d i s c u s s e d  on Page 84) t o  tlie 
e x t e n t  t h a t  back-up d a t a  were s u f f i c i e n t  t o  j u s t i f y  a  m o d i f i c a t i o n  of exrstz-?z 
accep tance  c r i t e r i a .  The s p e c i f i c  a r e a s  where t h e s e  r e c e n t  f i n d i n g s  h ~ v e  be?- 
a p p l i e d ,  o r  w i l l  b e  when a d d i t i o n a l  d a t a  a r e  a v a i l a b l e ,  a r e :  
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(1) Minimum cured dens i ty  
(2) Resin seg rega t ion  
(3) Delaminations 
(4) Wrinkles 
(5) V o l a t i l e  conten t  
b. Dimensional Tolerances 
A c a r e f u l  s tudy of any f i n a l  des ign  of a l a r g e  nozz le  
should be made t o  determine where dimensional t o l e r ances  may proper ly  be 
re laxed ,  wi thout  adverse ly  a f f e c t i n g  the  func t ion  o r  performance of t h e  nozz le  
o r  motor. It appears  reasonable  t o  assume t h a t  on t h e  extremely l a r g e  e x i t  
cone p a r t s ,  an  i n c r e a s e  of dimensional t o l e r ances  would b e  f e a s i b l e  except  a t  
mating i n t e r f a c e s .  
9 .  A l t e r n a t i v e  E x i t  Cone Fabr i ca t ion  Methods 
The extremely l a r g e  s i z e  of the  f u l l - s c a l e  a f t  e x i t  cone 
s e c t i o n  imposes some unique problems i n  t h e  too l ing  and f a c i l i t i e s  requi red  
f o r  t ape  wrapping, cur ing ,  and machining of t he  p a r t .  I t  would be almost a 
n e c e s s i t y ,  from t h e  t r a n s p o r t a t i o n  a spec t  a lone ,  t o  f a b r i c a t e  t h e  e x i t  cone 
a f t  s e c t i o n  a t  t h e  motor assembly si te.  Rather than  acqu i r e  a l l  t h e  necess- 
a r y  f a c i l i t i e s  and t e c h n i c a l  s k i l l s  necessary  t o  tape-wrap t h i s  p a r t  a t  A-DD, 
i t  would appear  f e a s i b l e  t o  cons ider  less complicated methods of manufacture 
as a means of achieving a c o s t  sav ings .  
Other f a b r i c a t i o n  methods t h a t  may have f u t u r e  p o t e n t i a l  a s  
a cos t - e f f ec t ive  a l t e r n a t i v e  t o  t h e  convent ional  tape-wrapping procedures a r e  
d iscussed  b r i e f l y  below. These methods a r e  n o t  endorsed a t  t h i s  t ime s i n c e  
very  l i t t l e  experience o r  performance d a t a  a r e  a v a i l a b l e  t o  s u b s t a n t i a t e  t h e i r  
use.  Work is  c u r r e n t l y  i n  progress* a t  Aero je t  t h a t  should provide a g r e a t e r  
i n s i g h t  as t o  which new techniques show t h e  g r e a t e s t  promise f o r  t h e  l a r g e  e x i t  
cone s e c t i o n s .  
* ~ e v e l o ~ m e n t  of Low-Cos t Fabr i ca t ion  Techniques f o r  Abla t ive  Nozzles (Contract  
NAS3-12064, Aero je t  So l id  Propuls ion  Company, from Lewis Research Center ) .  9 7 
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a.  Molded E x i t  Cone 
I n  t h i s  method, i t  i s  proposed t o  mold f u l l  l e n g t h  
p a n e l s  (15 degrees  of a r c  by 14 f t  (4 .3  m) long)  u s i n g  a s e l e c t e d ,  low-cost  
a b l a t i r e  molding compound. Using a s h e e t  m e t a l  o r  wooden mold assembly form, 
the 2 4  exit cone p a n e l s  would b e  bonded t o g e t h e r  a long  a x i a l ,  i n t e r l o c k i n g  
j o i a e s  C i r c u m f e r e n t i a l  wrappings  ( e i t h e r  t a p e  o r  pre-preg rov ing)  would b e  
applied t o  s e c u r e  t h e  p a n e l s  a g a i n s t  p r e s s u r i z a t i o n  l o a d s  and t o  a t t a c h  s t r u c -  
tural f i t t i n g s  a t  t h e  forward end. The e n t i r e  e x t e r i o r  s u r f a c e  of t h e  e x i t  
cone would then  b e  sprayed w i t h  a g l a s s  o r  a s b e s t o s l r e s i n  m i x t u r e ,  a p p l i e d  
with the same t o o l s  and i n  t h e  same manner as used f o r  FRP b o a t  h u l l s .  
Molding w i l l  b e  performed by commercially a v a i l a b l e  
sources not r e q u i r i n g  f u r t h e r  f a c i l i t y  c a p i t a l i z a t i o n .  At a t o t a l  p r o d u c t i o n  
of 39 j o o s t e r  motors ,  t h e  minimum requ i rement  of 720 p a n e l s  w i l l  j u s t i f y  a 
aatcied die s e t  t o  c o n t r o l  s i z e  and dimensions.  
b . S h i n g l e  Lap 
Using t h i s  method, p a n e l s  would be  made up a s  i n  t h e  
:nolded p r o c e s s ;  c i r c u m f e r e n t i a l  r e i n f o r c e m e n t ,  s t r u c t u r a l  a t t a c h m e n t ,  and 
averspraying w i t h  g l a s s  o r  a s b e s t o s  would be  similar t o  t h a t  a l r e a d y  d i s -  
cussed, 
The p a n e l s  themselves  would b e  f a b r i c a t e d  u s i n g  a hand 
lay-up procedure  w i t h  i n t e r p l y  bonding and f i n a l  c u r i n g  t o  be e f f e c t e d  i n  
steaii i- jacketed o r  e l e c t r i c a l l y  h e a t e d  forming d i e s  p r e s s u r i z e d  w i t h  l ~ y d r a u l i c  
cylinders, The forward end of each p a n e l  would be  formed from an a b l a t i v e  
n o l d i n g  compound t o  p r e v e n t  p l y  removal,  and t h i s  would be  bonded i n  p o s i t i o n  
during the bay-up. 
c. Wet Lay-Up 
With t h e  wet Pay-up t e c h n i q u e ,  t h e  d r y ,  uncoated rein-  
forcing f a b r i c  is  a p p l i e d  i n  p r e c u t  p a t t e r n s  o v e r  a male form and a c a t a l y z e d  
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r e s i n  i s  brushed o r  bladed i n t o  t h e  f a b r i c .  This  technique i s  c lose ly  a l l i e d  
t o  t h e  hand lay-up method used i n  f a b r i c a t i n g  boa t  h u l l s .  A ca ta lyzed ,  aia- 
f i l l e d  r e s i n  of low v i s c o s i t y  is  a  p r e r e q u i s i t e ,  s o  t h a t  a i r  entrapment FIT 
the  r e s i n  i s  h e l d  t o  some r e l i a b l y  low l e v e l .  
This  method d i f f e r s  from t h e  o t h e r s  i n  t h a t  a14 wort< 
could be performed a t  A-DD. It has t h e  advantage of r equ i r ing  t h e  least 
amount of t oo l ing ,  b u t  r e q u i r e s  t he  g r e a t e s t  amount of s k i l l  f r o n  she a~ail- 
a b l e  l abo r .  
I V .  CONCLUSIONS AND RECOMMENDATIONS 
A. Incorpora t ion  of t h e  low-cost a b l a t i v e  m a t e r i a l s  i n  l a r g e  s e l l d  
prope l l an t  rocke t  motor nozz les  can r e s u l t  i n  cost-savings of up t o  $80,260 
when compared wi th  a  nozz le  of t h e  same design using convent ional  m a t e r i a l s ,  
B .  A f l igh t -weight  nozz le  f o r  a 260-FL motor may be  manufacture?. for 
about $961,600 (based on a  30 u n i t  product ion con t r ac t )  inc luding  f l e x  sea:, 
C .  It i s  f e a s i b l e  t o  f a b r i c a t e  t he  f u l l - s c a l e  nozz le  components using 
convent ional  and proven manufacturing techniques,  although advanced processing 
concepts f o r  t h e  l a r g e  e x i t  cone s e c t i o n  should be f u r t h e r  i n v e s t i g a t e d  and 
developed. 
D.  It was shown t h a t  t he  canvas duck-phenolic (4KXD02) mate r i a l  I ~ a s  
e x c e l l e n t  performance c h a r a c t e r i s t i c s  when used i n  t h e  less -severe  locatL ons 
of t h e  e x i t  cone and nozz le .  This  m a t e r i a l  r ep re sen t s  t he  s i n g l e  m o s t  in~or- 
t a n t  cost-reducing element i n  t he  design and f a b r i c a t i o n  of l a r g e  ab la t lve  
components. 
E .  Carbon-si l ica  phenol ic  (MXSC-195) demonstrated undes i rab le  procesa- 
ing  t r a i t s  and unacceptable  performance c h a r a c t e r i s t i c s  when used i n  t h e  e n t r a n c 5  
s e c t i o n  of t h e  subsca l e  t e s t  nozz le .  I ts use  i n  t he  t h r o a t  of ful l -scal .e  r iozales  
does no t  provide any o v e r a l l  motor c o s t  sav ings .  
I V .  Conclusions and Recommendations (cont)  
F. Resu l t s  of t h e  t rade-s tudies  r e v e a l  t h a t  t h e  most p r a c t i c a l  low- 
c o s t  f u l l - s c a l e  nozz le  design would use  a carbon-phenolic ( o r  equiva len t )  
t h r o a t  s e c t i o n  and inco rpora t e  the , lower-pr iced  m a t e r i a l s  i n  o t h e r  p a r t s  of 
t h e  nozz le .  This  i s  t h e  r e s u l t  of l o s s  i n  motor performance a t  t h e  h igher  
t h r o a t  e ros ion  r a t e s .  
G .  The q u a l i t y  of a t rowelable  chamber i n t e r n a l  i n s u l a t i o n  system was 
shown t o  be  dependent upon t h e  degree of t oo l ing  s o p h i s t i c a t i o n .  
H. Valuable i n s i g h t  was gained on t h e  problems a s soc i a t ed  wi th  t h e  
processing and i n s p e c t i o n  of a t rowelable  i n s u l a t i o n  system. Performance of 
t h e  i n s u l a t i o n  was demonstrated on a s c a l e  s i g n i f i c a n t  enough t o  warrant  i t s  
f u r t h e r  cons idera t ion  f o r  260-FL motor a p p l i c a t i o n .  
I. The technology gained i n  t h i s  program on t h e  use  and q u a l i t i e s  of 
low-cost a b l a t i v e  m a t e r i a l s  and t h e  t rowelable  i n s u l a t i o n  system could be 
combined advantageously wi th  o t h e r  technology elements i n  a demonstration of 
t he  cos t -e f fec t iveness  of a "state-of- the-ar t t '  s o l i d  boos ter  motor. 
TABLE 1. - I~T-100/I~T-106 INSULATION SYSTEM DESIGN SUMMARY FOR LCAN MOTOR 
Dia, Area, Mach TLR Exposure, 
Location in. --- in.2 A/A* No. Material in,/~ec(~) sec(4) 
(1) Algol motor nozzle diameter for Contract NAS3-12038. 
(2) Silica-phenolic at these diameters. 
(3) Thickness loss rate at full pressure/thickness loss rate at reduced pressure. 
(4) Exposure at full pressure/exposure at reduced pressure. 
NozzleIAft Dome 13.00'~) 132.73 
(6) Required thickness x 2.0 safety factor. 
(7) Tolerance: +0.05, -0.00 in. 
I 
Correction Calculated Design (6) (7) 











Data not converted to S , L ,  units for sake of clarity, 
40.00 1256.6 
Forward Dome - - 
Sidewall - - 
Propellant Boots - - 
TABLE 2 .  - CALCULATED WEIGHT SUMMARY OF IBT-100IIBT-106 INSULATION 
SYSTEM FOR ALGOL NOZZLE TEST MOTORS 
Forward D o m e  
S iLl ewall 
?If "erne 
N ~ z z l e  
Forward B o o t  
A i r -  Boot 
IBT-106 3 0 
IBT-106 3 8 0  
IBT-100 1 7 0  
IBT-100 4 5 
IBT-106 5 0 
IBT-106 3 0 
T o t a l  Weight 705  lb 
( 1 3 . 6 )  
( 1 7 3 )  
( 7 5 . 6 )  
( 2 1 . 1 )  
( 2 2 . 7 )  
( 1 3 . 6 )  









TABLE 3.  - EFFECTS OF CURING AGENT LEVEL, CURE TEMPERATURE, AND 























T i m e ,  
Days 
11 
1 8  
11 
1 8  
11 
1 8  
11 
1 8  
11 
1 8  
11 
1 8  
11 
1 8  
11 
1 8  
1 0  
1 0  




m ' m  ' 'b ' 1, * 2 C % x p s i  (NIcm ) - ps i  < ~ / c 1 2 ;  ---- 
( O x i d i z e r  Blend: 80120 +48/MA) 
TABLE 4 .  - EFFECT OF PBAN TERPOLYMER LOT ON MECHANICAL 
PROPERTIES OF ANB-3347 PROPELLANT 
M e c h a n i c a l  P r o p e r t i e s  a t  77OF (299 OK) 
Ba tch  P BAN C u r e  C u r e  0 E E 
No, L o t  Temp, T i m e ,  m ' m ' b ' E o  " 2 




(curing Agent C o n c e n t r a t i o n  100 e q u i v a l e n t s  DER-332) 
TABLE 5. - EFFECT OF OXIDIZER BLEND RATIO ON MECHANICAL 
PROPERTIES OF ANB-3347 PROPELLANT 
B a t c h  O x i d i z e r  C u r e  C u r e  
No.  B l e n d ,  Temp,  T i m e ,  
106P- + 4 8 / ~ n g / ~ A  O F  (K) D a y s  
M e c h a n i c a l  P r o p e r t i e s  a t  77OF (299K)  
( C u r i n g  A g e n t  C o n c e n t r a t i o n  100 equiv. DER-332) 
TABLE 6.  - S W Y  OF SIGNIFICANT ANB-3347 
PROPELLANT CHARACTERISTICS 
Slame Temperature i n  chamber a t  500 p s i a ,  O F  
( a t  345 iX/cm2, K) 
A 
Burning Rate ( r  ) i n . / s e c  a t  500 p s i a  
(cm/sec a t  345 ~ / c m ~ )  
Burning Rate  P re s su re  Exponent, n  
Density, Ib / cu  i n .  
(gm/cu cm) 
* >'c 
Stancard  S p e c i f i c  Impulse,  lbf-sec/lbm 
(N-sec/Kg) 
A Average s o l i d  s t r a n d  burning r a t e  from n i n e  f u l l  s c a l e  ba tches .  


























TABLE 8. - NASA-LeRC NOZZLE AND TEST MOTOR 
DESIGN CRITERIA 
Throat C i a n e t e r  
Sxpans ion R a t i o  
Expans ion Angle 
NozzJ.e Type 
Por t - - to-Throat  R a t i o  
Charher P r e s s u r e  
Web Action Time 
P r o p e i l a n t  Aluminum Content  
Propellant Combustion Temperature  
P r o p e l l a n t  Type 
1 3  t o  16 i n .  (33 t o  4 1  cm) 
6: 1 
17.5" (0.297 r a d )  
Nonsubmerged, c o n i c a l  
1 . 3  (min) 
2 600 100 p s i g  (413 - + 69 N/cm ) 
40 s e c  (min) 
15 - + 1% (by wt) 
5500" - + 100°F (3310 312OK) 
P BAN 
TABLE 9 .  - CANDIDATE LOW COST ABLATIVE MATERIALS 
FOR THE ALGOL TEST NOZZLES 




4C- 16 86 
MXS-198 
SP-80 30-96 
F-5 0  2 
KF-418 
2 3- RPD 
MXA-6012 
FM-5 2  72 
Type 
Carbon-s i l i ca  p h e n ~ l l c  
Carbon-s i l i ca  p h e r o l i c  
Carbon p h e n o l i c  
S i l i c a  p h e n o l i c  
S i l i ca  p h e n o l i c  
S i l i c a  p h e n o l i c  
S i l i c a  p h e n o l i c  
Canvas-duck p12enol i c  
Asbestos p h e n l l i c  
Asbestos p h e n a l i c  
Paper  p h e n o l i c  
TABLE 10. - COST EFFECTIVENESS COMPARISON OF ABLATIVE MATERIALS 
CONSIDERED IN 13-IN .-DIA (33 CM) NOZZLE 
Entrance 
Throat 
Fwd Exit Cone 


















ACE1 = (erosion + char) x specific gravity x cost/lb. 
Cost data used in CEI calculations: 
Carbon Phenolic - $21.50 (bias) 
Carbon-Silica Phenolic - $16.50 (bias) 
Silica-Phenolic - $ 7 .OO (bias) $5.50 (warp) 
Canvas-Duck Phenolic - $  1.80 (warp) 
Cost Effectiveness 
Index (CEI)* 










TABLE 11. - INITIAL BOUNDARY LAYER CONDITIONS 
T 
C "  
5845"R (3250°K) 
2 
PC 600 p s i a  (413 N / c m  ) 
Dt = 13.00 in.  (33 cm) 
Heat T r a n s f e r  C o e f f i c i e n t  
~ t u / h r - f t 2 - O F  
S u r f  ace 
Mach Ntrrml-ier 
S t a t i o n  
(Area Ratio) 
- 
TABLE 12. - HEAT TRANSFER ANALYSIS SUMMARY, NOZZLE NO.  1 
1.00 
( t h r o a t )  
Ma te r i a l  
S i l i c a  Phenolic  
Carbon/Si l ica  
Carbon/Si l ica  
Carbon/Si l ica  
CarbonISi l ica  
Canvas Phenolic  
Canvas Phenolic  
Depth from Or ig ina l  Sur face ,  i n .  (em) 
Erosion Char* 100°F** (312°K) 
* 750°F ( S E O K )  isotherm. 
A t  75 seconds from f i r e  switch.  
S t a t i o n  
(Area Ratio) 
1.00 
( t h r o a t )  
TABLE 13. - HEAT TRANSFER ANALYSIS SUMNARY, NOZZLE NO. 2 
Ma te r i a l  
S i l i c a  Phenolic  
S i l i c a  Phenolic  
S i l i c a  Phenolic  
S i l i c a  Phenolic  
S i l i c a  Phenolic  
S i l i c a  Phenolic  
Canvas Duck Phenolic  
Canvas Duck Phenolic  
Depth from Or ig ina l  Surface,  i r r ,  (cni )  
Erosion Char* LOOOF*" ( 3 1 2 ' ~ )  
-- -- 
* 750°F (673OK) isotherm. 
** A t  60 seconds from f i r e  switch. 
TABLE 14. - HEAT TRANSFER ANALYSIS SUMMARY, CARBON PHENOLIC THROAT, 
CANDIDATE NOZZLE 
S t a t i o n  
(Area Ratio) Mate r i a l  
S i l i c a  Phenolic  
~ a r b o n / S i l i c a  Phenolic  
Carbon/Si l ica  Phenolic  
Carbon Phenolic  
Carbon/Si l ica  Phenolic  
Carbon/Si l ica  Phenolic  
Canvas Phenolic  
Canvas Phenolic  
Depth from Or ig ina l  Sur face ,  i n .  ( c m )  
Erosion Char* 100°F** (312OK) 
- 
* 750°F (673°K) isotherm. 






































































































































































































































































































































































































TABLE 21.  - PRE-PREG MATERIAL PROPERTIES 
R e s i n  Conten t ,  
% 
V o l a t i l e  Con ten t ,  














DESIRED 6 .0  Max 
TABLE 22.  - FABRICATION DATA FOR NOZZLE COMPONENTS 
Tape Temp. R o l l e r  P r e s s  As-Wrapped Densicy Debulk Temp. , Debulk P r e s s .  
Component M a t e r i a l  2 K l b f l i n .  N/cm l b l c u  f t  gr/cu-cm K M/cmL 
Approach l* SP-8030-96 200 366.5 275 480.4 0.051 1 . 4 1  175 352.6 250 172.4 
2 i  MX-2600-96 182 356.5 200 349.4 0.056 1.55 168 348.7 250 172.4 
2f MX-2600-96 182 356.5 200 349.4 0.059 1.63 180 355.4 245 168.9 
Entrance 1 MXSC-195 211 372.7 300 525.3 0.047 1.30 175 352.6 250 172.4 
2 i  MX-2600-96 185 358.2 275 480.4 0.056 1.55 168 348.7 250 172.4 
2f MXSC-195 190 360.9 150 262.6 0.048 1.33 180 355.4 245 168.9 
Ent.  O'wrap 1 MXA-6012 182 356.5 275 480.4 -- -- -- -- -- -- 
2 i  4KXD02 205 369.3 200 349.4 -- -- -- -- -- -- 
2f 4KXDO2 190 360.9 200 349.4 -- -- -- -- -- -- 
Throat 1 MXSC-195 204 368.7 165 288.3 0.049 1.35 167 348.2 235 162.0 
2 i  MX-2600-96 176 353.2 250 436.8 0.057 1.58 190 360.9 240 165.5 
2f MXSC-195 184 357.6 200 349.4 0.050 1.38 175 352.6 240 165.5 
Throat O'wrap 1 MXA-6012 208 370.9 300 525.3 -- -- -- -- -- -- 
2 i  4KXD02 209 371.5 300 525.3 -- -- -- -- -- -- 
2 f 4KXD0 2 190 360.9 200 349.4 -- -- -- -- -- -- 
Throat Ext 1 MXSC-195 180 255.4 167 291.7 0.050 1.38 1.70 349.8 240 165.5 
2 MX-2600-96 206 269.8 250 436.8 0.056 1.55 185 358.2 245 168.9 
E x i t  Cone 1 4KXD02 215 374.8 180 314.5 0.045 1.24 170 349.8 240 165.5 
2 4KXDO2 230 383.2 200 349.4 0.044 1 . 2 1  185 358.2 245 168.9 
E x i t  O'wrap 1 MXA-6012 190 360.9 300 525.3 -- -- -- -- -- -- 
2 4KXD02 200 366.5 300 525.3 -- -- -- -- -- -- 
Debulk Cure Temp., Cure Press .  
Time, min O F  - K psisi 
Cure 
Time, min. 
*l = F i r s t  Nozzle 
2 i  = Second Nozzle, I n i t i a l  Configurat ion 
2f = Second Nozzle, F i n a l  Configuration 




4KXIsO 2 Entr .  O'wrap 
Throat 0 'wrap 
Exi t  Cone 






SP-80 30-96 Approach 
Target 
PIX,\--66312 Entr .  O'wrap 
Throat 0 'wrap 
Exit  O'wrap 
Target 





Spec. Grav. R 
- 
r 
1.59 (min) 112 (rnin) 
1.50 (min) 124 (min) 
Uncured Vola t i l e  
Resin, % Content, % 
0.70 (max) 4.0 (max) 
0.50 (max) 4.0 (max) 
A V o l a t i l e ~  limit i n  cured p a r t  increased from 4.0% t o  6.0% on second e x i t  cone. 

TABLE 2 5 .  - MECHANICAL PROPERTIES OF MXSC-195 CARBON-SILICA COMPOSITE 
Tempera tu re  p l y  Modulus 0 .2% Y i e l d  S t r .  U l t  . S t r e n g t h  3  3  S t r a i n  t o  P r o p e r t y  O F  O K  O r i e n t .  p s i  x l o 6  MN/cm p s i  x 1 0  K N / C ~ ~  p s i  x 10  m 2  F a i l u r e ,  % 
Tens i o n  7  5  297 P a r a l l e l  
7  5  297 P a r a l l e l *  
75 2  9  7 Norma 1 
75 29 7  45-degrees  
Compression 75 297 P a r a l l e l  
75 297 P a r a l l e l *  
75 2  9  7  Normal 
75 29 7 45-degrees  
2500 1644 15-30** - - - - 6 . O  4 . 1  - 
d e g r e e s  
d e g r e e s  
S h e a r  7  5  2  9  7  P a r a l l e l  0.036 0 .025 - - 1 .69  1 . 1 7  - 
*Report AFRPL-TR-67-310 ( S C  2530 Material) 
**Rt.port  AF'W!,-TR-67-?IO (X-5571 Xatcr ia? . )  

TABLE 27. - IBT-106 BOND TEST DATA 
1. IBT-106 (Uncured) t o  IBT-106 (Cured) 
2. V-44/Epon 921/IBT-106 (Cured) 
3 .  IBT-106 (Uncured) 1162-Y-22*/Steel 
162-Y-22 Condition 
a. Untreated 
b . Contaminated 
c. Uncontaminated and T r i c  Wipe 
d. Contaminated and T r i c  Wipe 
e. Untreated (3  t o  4 t i m e s  
normal th ickness )  
f .  Apply d i r e c t l y  t o  p l a t e s  be fo re  
normal 30 min. s t and ing  t i m e .  
DP T 
2 psi (N/cm ) 
NOTE: P l a t e s  on a l l  samples b e n t  dur ing  test .  F a i l u r e  occurred 
i n  t h e  IBT-106 material. 





psi ( ~ / c m ~ )  
These m a t e r i a l s  were from t h e  same l o t s  as used 
i n  Motor LCAN-01 
TABLE 28. - BALLISTIC PERFORMANCE SUMMARY, MOTOR LCAN-02 
Ignition Delay, s e c  
Ignition i n t e r v a l ,  s e c  
2 Maxiniun P r e s s u r e ,  p s i a  (N/cm ) 
Web Action Time ( t  ) ,  s e c  b 
A c t i o n  Time ( t a ) ,  s e c  
Total Time ( t t ) ,  s e c  
2 Average Chamber P r e s s u r e  (web) (P ) , p s i a  (N/cm ) 
cb 2 
Average Chamber P r e s s u r e  ( a c t i o n )  (PC,), p s i a  ( ~ / c m  )
Impulse, Web ( I b ) ,  lb - sec  (N-sec) 
Average T h r u s t ,  Web, (Fyb) , l b f  (N) 
Sum1ng Ra te  ( r  ) ,  i n . / s e c  (cm/sec) b 
F o r  F i r s t  28.6 s e c  of Opera t ion  ( P r i o r  t o  
Nozzle Burnthrough) 
Average P r e s s u r e  (P ) ,  p s i a  ( ~ / c m ~ )  
c f  
Average T h r u s t  (F ) , l b f  (N) 
yf 
impulse, ( I f ) ,  lb - sec  (N-sec) 
Specific Impulse ( I  ) ,  s e c  (N-sec/kg) 
s (mc) 
-- 
>'%lot a v a l i d  i n d i c a t i o n  of motor performance 
due t o  n o z z l e  m a l f u n c t i o n  a t  28.6 s e c .  
TABLE 29. - LCAN-02 NOZZLE MATERIAL PERFORMANCE SUMMARY 
Tota l  
I n i t i a l  
~ x i a l ( ~ )  Area 































Mater ia l  Matl. Char 
Remain. (3) Loss, Thick. 
i n .  i n .  -- in .  
Loss Rate (mils/sec) based 
t b t  'b t a  
- - - 
f 
- 





S i l i c a  
IBT-100 
S i l i c a  
C-Si 
IBT-100 
S i l i c a  
C-Si 
IBT-100 











S i l i c a  
C-Si P t .  of 
Fa i lu re  
-2.00 
(es t .  ) 
Throat 
- -- 
J -1.05 Area 1.42 0.68 0.74 0 25.8 19.3 
K of 
'.OO Least 1.42 1.03 0.39 0.16 13.6 10.2 
L 1.06 Matl. 1.10 0.73 0.37 0.16 12.9 9.7 
M 1.13 1.00 0.69 0.31 0.17 10.8 8.1 Loss 
Exi t  Cone S i l i c a  N 1.23 Unknown 0 .985 '~)  0.550 0.435 0.09 11.3 9.5 
0 1.42 0.960 0.540 0.420 0.10 11.0 9.2 
P 1.60 0.935 0.560 0.375 0.10 9.8 8.2 
Q 1.76 0.925 0.580 0.345 0.12 9.0 7.5 
R 1.95 0.910 0.550 0.360 0.08 9.4 7.9 
S 2.40 0.870 0.665 0.205 0.11 5.4 4.5 
T 2.05 0.900 0.559 0.341 0.08 8.9 7.4 
U 3.50 0.750 0.660 0.090 0.14 2.4 2.0 
V 4.46 0.640 0.598 0.042 0.15 1.1 0.9 
W 5.50 0.590 0.555 0.035 0.15 0.9 0.8 
SiICanvas 
Canvas 
NOTES : (1) S i l i c a  phenol ic  was MX-2600-96 ; carbon-si l ica  was MSC-195 ; canvas-duck was 4KXD02. 
(2) Refer t o  Figure 43. 
(3) IBT-100 values  r e f l e c t  v i r g i n  m a t e r i a l  (char removed). 
(4) tbt = 28.6 s e c  (time of i n i t i a l  burnthrough). 
tb = 38.3 s e c  (web ac t ion  time). 
ta = 48.4 s e c  (ac t ion  time). 
tf = 45.8 s e c  (time of exit cone separa t ion) .  
(5) IBT-100 erosion r a t e  es t imated and used t o  c a l c u l a t e  a b l a t i v e  l i n e r  exposure t i m e .  
(6) Based on 23.6 s e c  (assumes 5 s e c  required t o  burn through overwrap and s t e e l ) .  
(7) Excluding overwrap. 
Data n o t  converted t o  S.I.  Units f o r  sake of c l a r i t y .  
TABLE 30. - COMPRESSIVE STRENGTH OF CHARRED CARBON 
SILICA I N  45 DEGREE-TO-PLY DIRECTION 
Specimen from 
LCAM' En t rance  Ring 
(rnSG-195) 
Average 
LCFT Throa t  No. 16 
(MXSC-195) 







TABLE 31. - COMPARISON OF NOZZLE ENTRANCE CONDITIONS AND CONFIGUR\TICU 
BETWEEN ALGOL I I B  AND LCAN-02 
Nozzle Throa t  Diameter ,  i n .  (cm) 
Motor Por t - to-Throat  R a t i o  ( i n i t i a l )  
Gas V e l o c i t y  a t  End of Gra in  (Mach No.) 
Temperature of Combustion Gases a t  1000 
p s i a  [690 ~ / c m 2 ] ,  t h e o r e t i c a l  
P r o p e l l a n t  S o l i d s  Content  
Ammonium P e r c h l o r a t e  
Aluminum 
Nozzle En t rance  I n s .  M a t e r i a l  
Wrap O r i e n t a t i o n ,  Ref t o  Nozzle 
Cen te r  L ine  
Algo l  L CA-N 
11.78 (29.9) 13 -00 (33.0) 
R e f r a s i l  S i l L c a  and 
(AGC- 10 80 3) Carbon-S i l i ca  
P h e n o l i c  
3 5 O  Upstream 7 0  - + 5' 
P e r p e n d i c u l a r  
t o  Gas Flow) 
TABLE 32.  - EFFECT OF NOZZLE EROSION UTES ON 260/SIVB 
VEHICLE PAYLOAD CAPABILITY 
Nozzle Throa t  
Eros ion  Ra te ,  
r n i l s / s e c  (cmlsec) 
6 (0.015) 
(Base Case) 
2 5 (0.063) 
(Modified Grain)  
Payload f o r  105 NM 
(195 Km) O r b i t ,  
l b  (Kg) 
Change i n  
Payload,  % 
TABLE 33. - 260-IN.-DIA (6 .6  m) MOTOR WEIGHT AND COST INCREASE 
REQUIRED TO ACHIEVE BASELINE PAYLOAD 
Nozzle Throa t  
E r o s i o n  R a t e ,  
m i l s / s e c  (cm/sec) 
6 (0.015) 
(Base Case) 
2 5 (0.063) 
(Modified Grain)  
Motor Weight 
I n c r e a s e  f o r  





*Assumes motor c o s t  i n c r e a s e  a t  a rate of $1.86 p e r  l b  ($4.10 p e r  Kg) 
TABLE 34. - ABLATIVE MATERIAL COST COMPARISON 
FOR 260-FL NOZZLE DESIGNS 
M a t e r i a l  Cos t s  f o r  260-FL Nozzle (l.(005017_> 
Adjus ted  A l t .  A l t  . A l t .  
A b l a t i v e  B a s e l i n e  B a s e l i n e  No. 1 No. 2 No. 3 
Where Used - M a t e r i a l  (1) 
-- 
(2)  
- (3)  -- 
Throat and Carbon $223,540 $203,000 $ 57,100 
Hi Loss-Rate Carbon-Si l ica  $159,000 
iireas S i l i c a  (Hvy wt)  $ 75,550 
Medium Loss- Carbon-Si l ica  
Rate Areas S i l i c a  (Hvy wt)  
Exit-Cone,O/W, S i l i c a  (S td )  210,950 
and Low Loss- S i l i c a  (Hvy wt)  182,550 25,510 
Rate  Areas Canvas-Duck 48,250 55,340 52,340 
Asbes tos  8,000 
T o t a l  M a t e r i a l  Cost  $434,490 $385,500 $215,250 $130,890 $214,820 
Nozzle M t l  Cost  Savings  (4) - 48,990 219,240 303,600 219,670 
Added Motor Cost  f o r  (5) 
Equal  Pay l o a d  
R e a l i z e d  Net Cost  Saving - $ 48,990 $ 79,240 $ 21,600 $219,670 
NOTES: (1) From low c o s t  s t u d y  conducted on NAS7-513. 
( 2 )  B a s e l i n e  d e s i g n  a d j u s t e d  f o r  b e s t  c u r r e n t  and c o m p e t i t i v e  p r i c e s .  
(3) A l t e r n a t e  d e s i g n  from NAS7-513, a d j u s t e d  f o r  b e s t  c u r r e n t  and 
c o m p e t i t i v e  p r i c e s .  
(4)  Compared t o  b a s e l i n e  des ign .  
(5) From F i g u r e  49 based on expec ted  t h r o a t  l o s s  r a t e .  
TABLE 35. - EXKAUST GAS COMPOSITION - ANB-3374 PROPELLANT (NTPB) 





* ~ o l e s / 1 0 0  gm of p r o p e l l a n t  a t  1000 p s i a  (690 N/cm ) 
chamber p r e s s u r e  and 5742°F (3440°K) 
TABLE 3 6 .  - WEIGHT SUMMARY, FULL-SCALE NOZZLE 
C a l c u l a t e d  Weight 
Component 
Cf o s u r e  I n s .  
Submrged L i n e r  
Nose I n s e r t  
Nose O/W 
Entrance I n s e r t  
En t rance  O/W 
Throa t  
Throa t  O/W 
Aft Closure  
I n s u l a t o r  
M a t e r i a l  F a b r i c  As-Wrapped F i n a l '  Cut B i l l e t  P a r t  
l b  (kg) l b  
Canvas-Duck Bias  1 ,263  575 1 ,104 
Canvas-Duck Warp 804 365 675 
Carbon Warp 630 286 517 
Carbon Bias 819 372 561 
Canvas-Duck B i a s  33 1 5  2 8 
Carbon B i a s  777 353 599 
Canvas-Duck Bias 5 8 2 6 48 
Carbon B i a s  1 ,647 - 1,357 
Canvas-Duck Warp 567 257 515 
Nozzle S h e l l  HY -15 0 
Throat Support  HY-150 
E o h t s ;  Adhesive;  - - - 
- 
:3isc. 64 2 9 
B a s i c  Nozzle Weight 18,954 8 ,610  
F l e x  S e a l  Assembly 4,426 2,010 
T o t a l  Nozzle Weight 23,380 10,610 
TABLE 37. - EXIT CONE WEIGHT S W Y  
Calculated Weight 
As-Wrapped Tina: 
Component Part Material Billet ------ Part 
lb (kg) Ib :kg1 
-- 
Forward Exit Housing 4130STL - - 3,558 1,617 
Cone 
Aft Flange 4130STL - - 7 9 4  361 
Fwd Liner Carbon 1,483 675 1,143 521 








Sub-total 9,264 C,2!0 
- 
Aft Exit Fwd Flange 4130STL - - 899 408 
Cone 






Sub-total 11,032 5,020 
Exit Cone Total Weight 20,295 9,175 
TABLE 38. - THERMAL ANALYSIS STATIONS AND BOUNDARY 
CONDITIONS - FULL-SCALE NOZZLE 
Nozzle Location 
Radius 
i n ,  ( cm) E 
Local Convective Heat 
Transfer  ~ o e f  f i c i e n t *  
~ t u / h r - f  t 2 O ~  (w/~ZOK) 
Local Recovery 
Temperature 
O R  (OK) 
44,45  113.0 1 .OO (Throat) 
2 
9c A t  chamber p res su re  of 514 p s i a  (354 N/cm ) 
?\* Chamber s t agna t ion  temperature = 6094OR (3390°K) 
TABLE 39.  - HEAT TRANSFER CORRECTION FACTOR SCHEDULE 







Chamber P r e s s u r e  Heat T r a n s f e r  
p s i a  ( N/cm2) F a c t o r  - HTF* 
620 42 7 1 .161  
650 448 1 .207 
505 348 0.985 
700 4  82 1.280 
400 2  76 0.820 
14.7  10 
*HTF = R a t i o  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  any d e s i r e d  chamber p r e s s u r e  

















































































































































































































































































































TABLE 45. - FULL SCALE NOZZLE COST SUMMARY 
I. Nozzle 
A. A b l a t i v e  M a t e r i a l s  (1) 
B. S t e e l  Components ( n e t  wt  x $ 2 0 / l b )  
C. Expendable Materials 
D. D i r e c t  Labor (9,488 h r  a t  $5.87/hr)  
E. D i r e c t  Labor Overhead a t  174% 
F.  Tool ing f o r  A b l a t i v e  Components (2)  
G.  Tool ing  f o r  S t e e l  Components (2)  
H. F a c i l i t i e s  
I. G U a t  8.5% 
S u b t o t a l  
P rof  i t  (10%) 
T o t a l  
11. E x i t  Cone 
A. A b l a t i v e  M a t e r i a l s  (3 )  
B. S t e e l  Components 
C. Expendable M a t e r i a l s  
D. D i r e c t  Labor (4 ,074 h r  a t  $5.87/hr)  
E. D i r e c t  Labor Overhead a t  174% 
F. Tool ing f o r  A b l a t i v e  Components (2) 
G .  Tool ing  f o r  S t e e l  Components (2) 
H.  F a c i l i t i e s  (2)  (4)  
I. G & A a t  8.5% 
S u b t o t a l  
P r o f i t  (10%) 
T o t a l  
UNIT COST $899,334  
WITH FLEXIBLE SEAL $961,639 
(1) I n c l u d e s  IBT-100 Closure  I n s u l a t i o n  
(2) Pro- ra ted  on t h e  b a s i s  of 30 u n i t s  ( 6 / y r  f o r  5 y r )  
(3)  I n c l u d e s  g l a s s - p h e n o l i c  s t r u c t u r a l  overwrap 
(4) Some f a c i l i t i e s  i n c l u d e d  h e r e i n  a l s o  w i l l  b e  used on n o z z l e  f a b .  
TABLE 46. - ABLATIVE MATERIAL COST SUMMARY 
Material 
I ,  Nozzle Carbon P h e n o l i c  
Canvas-Duck 
P h e n o l i c  
11, E x i t  Carbon P h e n o l i c  
Cone 
Canvas-Duck 
P h e n o l i c  
Glass P h e n o l i c  
T o t a l  Weight (1)  (2) 
Cut 
-
l b  (Kg) C o s t / l b  
B i a s  3,405 (1,550) 21.50 
Warp 662 (301) 20.00 
Bias 1 ,422 (646) 3.30 
Warp 1,440 (654) 1 .80 
Sub t o t a l  
Warp 1 ,557  (707) 20.00 
Warp 11,507 (5,230) 1.80 
Warp 4,974 (2,260) 2.90 














(1) Gross as-wrapped b i l l e t  weight  p l u s  5% f o r  s c r a p  l o s s  and cont ingency.  
(2) 1BT-100 weight  i n c l u d e s  10% s c r a p  l o s s ;  c o s t  i n c l u d e s  a p p l i c a t i o n .  
TABLE 47. - PRE-PREG PRICES APPLICABLE TO FULL-SCALE 
ABLATIVE NOZZLES 
Reinforcement 
98% Carbon F a b r i c  
98% Carbon F a b r i c  Chopped 
98% Carbon F i b e r s ,  Chopped 
98% Carbon F i b e r s ,  Chopped 
98% Carbon Fab r i c  
98% Carbon Fab r i c ,  Chopped 
98% Carbon F a b r i c  
86% Carbon F a b r i c  
C-100-48 S i l i c a  F a b r i c  
C-100-96 S i l i c a  Fab r i c  
S i l i c a  Fab r i c ,  Chopped 
S i l i c a  Fab r i c ,  Chopped 
C-100-96 S i l i c a  F a b r i c  
AVCERAM C/S F a b r i c  
AVCERAM C/S  Fab r i c ,  Chopped 
AVCERAM C/S F a b r i c  




Glass  F a b r i c  
Glass F a b r i c ,  Chopped 
KYNOL F a b r i c  
Resin 
Phenol ic  
Pheno l i c  






Phenol ic  
Phenol ic  
Phenol ic  
Epoxy-Novolac 
Polypheny l e n e  
Phenol ic  
Phenol ic  
Polypheny l e n e  
Po lypheny l ene  
Phenol ic  
Epoxy-Novolac 
Phenol ic  
Phenol ic  
Phenol ic  
Phenol ic  
*Based on 5000 lbm (2273 kg) l o t s  
TABLE 48. - TOOLING REQUIREMENTS, 260-FL NOZZLE FABRICATION 
G 
- 
Fkd Exit Cone 
Exit Cone Aft 
Sect ion  
Nozzle Assembly 
Sheet 1 of 2 
Tool Descr ip t ion  
Estimated 
Cost 
Mandrel, Wrapping $ 62,500 
Mandrel Handling Aid 2,800 
Abla t ive  Handling Aid 3,200 
Tracer  Template (Wrap) 6 80 
Tracer  Template (Mach), 2 r eq 'd  1,400 
Abla t ive  Storage F i x t u r e  6 80 
Sub t o t a l  $ 71,260 
Mandrel, Wrapping $150,000 
Mandrel Handling Aid 7,000 
Abla t ive  Handling Aid 5,500 
Tracer  Template (Wrap) 2 r eq 'd  1,400 
Tracer  Template (Mach) 2 r eq 'd  1,800 
Ab la t ive  Storage F i x t u r e  800 
Dam Ring 2,100 
Assembly S tand 




Inve r t ing  F ix tu re  
Leak Tes t  F i x t u r e  
Sub t o t a l  $168,600 
Sub t o t a l  $ 73,520 
E x i t  Cone Assembly Assembly F i x t u r e  $ 12,500 
Flange Pos. and Bonding F ix tu re ,  3 r eq 'd  15,000 
T i l t  Stand Adapter 12,600 
Tracer  Template (Mach) 3 r eq 'd  1,200 
Inspec t ion  Aids 8,000 
S u b t o t a l  $ 49,300 
Closure I n s u l a t o r  Mandrel, Wrapping 
Mandrel Handling Aid 
Abla t ive  Handling Aid 
Tracer  Template (Wrap) 
Tracer  Template (Mach) 
Abla t ive  Storage F i x t u r e  
Sub t o t a l  $ 34,030 
TABLE 48. - TOOLING REQUIREMENTS, 260-FL NOZZLE FABRICATION 
Sheet  2  of 2  
Component 
Submerged L ine r  
Nose I n s e r t  
Entrance I n s e r t  
Throat  
Tool Descr ip t ion  
Mandrel, Wrapping 
Mandrel Handling Aid 
Abla t ive  Handling Aid 
Tracer  Template (Wrap) 2 req 'd  
Tracer  Template (Mach) 3 req 'd  
Abla t ive  Storage F i x t u r e  
Sub t o t a l  
Mandrel, Wrapping 
Mandrel Handling Aid 
Abla t ive  Handling Aid 
Tracer  Template (Wrap) 
Tracer  Template (Mach) 2 r eq 'd  
Ab la t ive  S torage  F i x t u r e  
Sub t o t a l  
Mandrel, Wrapping 
Mandrel Handling Aid 
Abla t ive  Handling Aid 
Tracer  Template (Wrap) 
Tracer  Template (Mach) 
Abla t ive  Storage F i x t u r e  
Sub t o t a l  
Mandrel, Wrapping 
Mandrel Handling Aid 
Abla t ive  Handling Aid 
Tracer  Template (Wrap) 
Tracer  Template (Mach) 2 r eq 'd  
Abla t ive  Storage F ix tu re  
Sub t o t a l  
T o t a l  Tooling Cost 
$ l9,300 
i , eoc 





TABLE 49.  - NEW FACILITY REQUIREMENTS AND ESTIMATED COST 
B, Lathe t r a c e r  attachment 
2 ,  280-in.-dia v e r t i c a l  t u rn ing  machine 
3 ,  Curing oven 
4 .  Inspec t ion  s t anda rds  
5, Q. C.  Laboratory t e s t i n g  equipment 
6, Raw m a t e r i a l  s t o r a g e  b u i l d i n g  
T o t a l  
Fab r i ca t ion  Bldg and Crane (A-DD Fab only)  
To ta l  i f  Af t  Exit Cone Fab a t  A-DD 
L IWtkWPREI  DRAWING PER MIL-SID-180, 
A A P P L Y  M i l - c - l 6 i n ,  GRADE 5 coKKosIo(9 PtiivEtirlvE coti~otitva i l ~  
A l . i O B B b U C F  W I T H  A G C - ? L ? ? ~ T O  MATIWG S T E E L  SURFACES OF r U R l d l S C I  
A N D  N O Z Z L E  ASSEMBLISS.  b"?, 1UBRICATE P A L X l M G  W i l d  \rV O 1078 SIilCORE DAWI44E FLUkB, 
A Fltt LibP * b i l l  AGL 91016, CLkiS E G ?  3 S E A L I N G  COMPGIUUB. 
*e i t J B R l L A 3 k  7 H P E a a D S  WIT! !  MIL A '30, ANTI  SEIZE CUSPOW& 
(2) tOdGW3 10 
A 160 110 
B .  25 38 l U l L 8  
I Y D I X  HOLES OF MATlWC C O M P O N M I S  S W I U  BE ALICWLO IrP ASSELdOl*., 
LOCKWIRE I N  ACCORDANCE W l l H  M S  3354P. f ' '" ""' 
LOCATFD AT FWD FACE CF THE , L N I T ~ R  A S S Y  11128253.491 AND IWSPAU 
TWO 121 I H l T l A T O R  C A R T R I D G E  A S S E M B L I E S  11121506-1). 
10 PRESSURE LEAK CHECK MOTOR AT 25-35 P S l G  U S l N f  88-11611.  TYPE 1, 
C L A S S  1 GRADE B D R Y  NITROGEN A t i C  M I L - 1 - 2 5 5 6 1  TYPE I L E A K  
O E T E C T I ~ M  S O L U T I ~ N .  AREAS TO BE CHECKED FOR L ~ A K A C E  A'u: 
A. I G H l i C R  A S S E M B L Y  P A C K I N G  ( 0 - R I N G )  S E I L .  
8. TWO (21 P R E S S c R E  PORTS ( I N T E R I A L  I G N I T E R  PRESSURE AND I N l E R Y A L  
C H A H B E R  PRESSURE) AND THE TWO 12) I N I T I A T O R  CARTRIDGES O N  THE 
FWD FACE OF THE I G N I T E R  ASSEMBLY. 
C. CHAMBER TO N O Z Z L E  FLANGE JOINT. LEAKAGE L I M I T S :  (10 V I S I S L f  
EY!BENCE OF B U B B L E  FORMATION. 
i3 P A l N T l U G  I N S T R U C T I O N S !  
A. P R I M E R O U C H - U P  A L L  BARE EXTERIOR M E T A L L I C  SURFACES OF CHAMBER 
W I T H  M I L - P - 8 5 1 5  Z I N C  CHROMATE P R I M E R  COATING I N  ACCOROANCE 
W I T H  &GC-36072. DELETE PRETRCATMEElT COATING REQUIREMEKT6 O f  
AGC-36012.  S E C T I O H  3.1. A I R  D e Y  AT A M B I E N T  TEMPERATURE FOR 
TWO (21 HOUBS M I N I M U M .  
8 .  CLEAN A L L  P R E V I O U S L Y  P R I W E D  SURFACES W ? ~ H  0 4 - 6 2 0  1.1.1 - 
T R I C H L O R O E I H k R E  I S T N Y L  C W R O F O R M ) .  
C. APPLY TWO (21 COATS 10.8 - 1 . 2  M I L S  T H K  TOTALI  O f  TT-L-32  W H I T E  
I A C Q U E R  TO A L L  P R I M E D ,  U t i P A l N T t D  EXTERIOR SURFACES. D R I l P G  
4 H I X R V A L  S H A L L  eE 4 5  M I N U T E S  EETWEEh COATS. A I R  DRY F I N A L  
COAT AT A M B l E i l T  TEMPERATURE FOR EIGHTEEN (181 HOURS h3 lNIMUM.  
8 .  DO NOT P A I N T  E ? L C T R I C A L  C O N N E L 7 9 R S .  PRESSURE PORTS!PLUGS, OR 
ANY I N T E R I O R  SURFACE. 
1 2  APPLY M I L - C - 1 6 1 7 3  GRADE 1 CORROS&ON PREVENTIVE COMPOUND IN 
ACCORDANCE W I T H  ~ G C - 3 6 2 3 4 ' ~ 0  A L L  E k l E R l O R  M T A L L I C  SURFACES NOT 
PAINTED. 
ViEW b!nb\ 
S C A L E  .-- 1 
V I E W  09 
SCALE-: 







C 3 2  
ivlS16625 



























&;/5/7 NOZZLE NO.1 
S l A  A DEPTH FROM ORIGINAL 
NO. OIA AREA MATERIAL SURFACE, INCH 
RATIO EROSlOH CHAR 1 0 0 ' ~  
I 21.50 -2.73 181-100 INSULATION 1.04 - - 
2 18.88 -2.11 SIL ICAPHENOLIC 0.61 0.76 1.10 
3 17.00 -1.71 0.43 0.59 0.88 
4 14.44 -1.23 0.58 0.73 1.02 
13.00 CARBONlSlLlCA PHENOL~C 0.59 0.73 1.01 
6 14.44 1.23 0.37 0.53 0.83 
7 16.46 1.60 0.30 0.41 0.18 
a 20.12 2.40 CANVAS DUCK 0.41 0.63 LO 
9 30.50 5.50 PHENOLIC 0.15 0.35 0.65 
NOZZLE 110.2 
STA A DEPTH FROM ORlOlNAL 
NO. DlA ,"[:f0 UilERIAL S U R I I I X .  INCH 
EROSION CHAR 1 0 0 ' ~  
1 21.50 -2.73 161-100 INSULATION 1.04 - - 
2 18.88 -2.11 0.61 0.16 1.10 
3 17.00 -1.71 0.70 0.16 1.20 
4 14.44 -1.23 0.91 
13,00 SIL ICA PHENOLIC 
1.06 1.25 
0.19 1.04 1.25 
6 14.46 1.23 0.60 0.76 1.10 
7 16.44 1.60 0.45 0 . S  0.14 
8 20.12 2.40 CANVAS DUCK 0.50 0.65 0.94 
9 30.50 5.50 0.15 0.35 0.65 
CHAR PROFILE \150°F1 
f- 100% ISOTNERM PROFILE 
Figure  13A. - Thermal Response P r o f i l e ,  Nozzles No. 1 and 2 







Figure  20 .  - Aft  S t e p  J o i n t  and Boot,  Motor LCAN-02 

T e n s i l e  Specimen Design 
L!-.-- Both ends  ground 
f l a t  and p a r a l l e l  
1 k i 1 I 
B 
Compression Specimen Design 
2-1/16 d i a  h o l e s ,  3/16 a p a r t  
2-1/32 wide s l o t s  
2-3/16 dia h o l e s  
S h e a r  Specimen Design 





Temperature, O F  
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INSULATION - I B T -  106 
EVE-V-44 RU BBE 
- BOOT-IBT-106 
INSULATION-IBT-106 













Figu re  46. - P o s t t e s t  V i e w  of LCAN-02 Chamber 
I n c h e s  (em) A f t  of Motor I g n i t e r  Boss 








1 0 0 . 0 0  O I A  
B A S E L I N E  
C T U A T O R  A T  T A C H  
R A C K E T  -2 REQD 
----EROSION 
-----CHAR 
0 I O W F  
S U W I  O f  EXPECTED EXIT COME PlRFoarYWF 
EPW.FR(II WIOIHIL SURFACC Iw 
- % a  p E , z  1 8 1  . O O  D I A  BC 
7 1.12 CARMY- 0.W 0.89 1.12 
MMOLIC 
8 1.79 . 0.32 0.80 1.10 
9 2.15 " 0.22 0.73 1.78 
10 2.50 CANVAS- 1.16 
RIEMOLIC 1.28 1.51 
I 1  3.W 0.93 1.M 1.37 
12 6.00 " 0.35 0.59 I.& 
13 5.W 0.17 0.51 1.01 
Ib 6.50 " 0.19 0.61 0.97 
15 8.W * 0.15 0.45 0.- 
Figure 54.  - Er 
















P o i n t  
P re s su re  Outside Only 
Rad ia l  f + 
Disp. i n s .  (rnm) 
Ax ia l  +- + 
Disp. i n s .  (mm) 
F igure  6 0 .  - Calcula ted  Def l ec t i ons  a t  Outer Joint 
R 
Carbon Pheno l i c  
E = 2 . 3  
134.0 i n .  d i a  (340 cm) 
HY-150 S t e e l  Canvas P h e n o i l c  
Axia l  S t r a i n  
(carbon phenol ic)  
Axia l  S t r a i n  




I Hoop S t r a i n  
L. 
i (Canvas plzenolic) 
F i g u r e  61 .  - Maximum T e n s i l e  S t r a i n  D i s t r i b u t i o n  a t  E x i t  Cone c = 2 , , ?  
I 
134.0 i n .  d i a  (340 cm) 
( carbon phenolic)  I* \, 
L, / --\ 
/ \ 




0) I., -  ensile S t r e s s  




Tens i l e  S t r e s s  _ _  __c_--  
(carbon phenolic)  Compressive S t r e s s  
(canvas p h e n o l i c )  
F i g u r e  62 .  - Maximum Hoop S t r e s s  D i s t r i b u t i o n  a t  Exit Cone E = 2 . 3  
Canvas P h e n o l i c  
175.0 i n .  d i a  (445 cm) 
E= 3.85 
Canvas Phenol ic  
G l a s s  Pheno l i c  
a s s  Phenol ic  
-7 -. 
-------- 
Axia l  S t r a i n  \ 05  (canvas phenol ic)  
#-- 
(canvas pheno l i c )  
F i g u r e  63. - Maximum Tens i l e  S t r a i n  D i s t r i b u t i o n  a t  E x i t  Cone e = 3,Qi 
Canvas P h e n o l i c  
E= 3.85 
Canvas Phenol ic  
Glass  Pheno l i c  
T e n s i l e  S t r e s s  
( g l a s s  pheno l i c )  
T e n s i l e  S t r e s s  
( g l a s s  epoxy) 
--L 
----- - _  
------ 
T e n s i l e  S t r e s s  
(canvas phenol ic)  
Compressive S t r e s s  
(canvas phenol ic)  
Figure 64. - Maximum Hoop Stress Distribution 




9.8-in. tape width 
(24.9 cm) 
- 142.3 in. dia - - 
Figure 65. - As-Wrapped Closure Insulation Billet Configuration 
(304.8 cm) 





I \--- Carbon 
(Spiral-Wrap th roughout )  
F i g u r e  66 .  - As-Wrapped Submerged I n s e r t - B i l l e t  C o n f i g u r a t i o n  
F i g u r e  6 7 .  - As-Wrapped Nose I n s e r t - B i l l e t  C o n f i g u r a t i o n  
-- 
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